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ABSTRACT

This study comprises an analytical and experimental investigation of the "vortex"

noise generated by low-tip speed propeilers. Initially, the treatment of the subject

is focussed on an examinatior of the origins of broadband noise and the methods by

which thece can be analytically represented. Subsequent noise measurements on simple-
design propellers indicated that the typical spectra in the Strovhal frequency range cre
significantly influenced by an extensive range of high order harmonics of the blade passage
frequency, and 1 treatment of this harmonic content is included in this study report.

The breadband and harmonic components of noise datu, obtained from propellers with
blade number and blade angle variations, have been analyzed in detail and noise pre-
diction methods have been derived for each. The primary findings of the study are:

(i) that the harmonic content due to unsteady blade loads (augmenting the Gutin terms)

& essentially constant in amplitude up to hormonic orders (m) given by mB = 30 to 40,

and decays at rates beiween 6 and 12 dB per octave, depending on blade tip speed, at
higher orders; (i) the broadband noise characteristic spectrum has a maximum at frequencies
given by a Strouhal number of 0.85 based or. blade chord; (iii) the fluctuating blade air-
loads responsible for both harmonic and random radiation appear to be proportiona! to

the steady forces divided by the square root of the number of blades. It is postulated that
the noise source mechanisms may be associated with unstable laminar flow separation (or
transition) ot the blade surfaces.

The report also includes a set of graphical procedures by which both harmenic and random
spectral details of the radiated noise can be caolculated for tip Mach Numbers in the range
0.2 to 0.6.
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SECTION |
INTRODUCTION

Many different descriptions and definitions of rotor or propeller noise have emerged with
the consequence that some confusion exists as to what constitutes each particular form of
noise. For a propeller, only two forms of noise radiation cre generally recognized,
"rotational” ncise and "vortex" noise. "Rotational" noise is regarded as that component
vhich would be generated by the propeller operating in an inviscid fluid (but including
all the harmonic airloads introducd by unsteady potential flow); whereas, "vortex"
noise is considered to be the additional noise which can be attributed, directly or in-
directly, to fluid viscosity (boundary layer turbulence and seperation, vortex shedding
and airfoil encounters with the turbulent wake). Thus, "rotationai" noise tends to be
harmonic in form, appearing in a spectral analysis as a series of discrete frequency spikes;
whereas, "vortex" noise has been regarded as having random characteristics with wide
band spectral content.

These categorizations are somewhat complicated by the fact that several fundamental
source mechanisms exist - the familiar monopoles, dipoles and quadrupoles of ccoustic
theory. These result from fluid displacement, aerodynamic blade loads and shear
forces exerted on the fluid. Both steady and v:isready sources of each type

exist and all can contribute to both the harmonic and random noise rediation. At
subsonic speeds and low frequencies the dipole sources generally predominate and these
have been the subject of most propeller noise research.

The predominance of the dipole sources has been understood, or at least known, since
the pioneering work of Gutin in 1936 (Reference 1), He showed that the harmonically
ordered noise of propellers could be attributed to the actions of the steady thrust and
torque airloads on the blades. Representing the pressure distributions by point forces
acting at the 70 percent radial stations, he developed an expression for the sound
radiation patterns about the resulting dipole source and his results have been found to
provide good agreement with experimental data for low order Yarmonics av high tip
speeds.

At about the same time Stoweil and Deming (Reference 2) were performing experiments
with rotating rods using what was fairly advonced analysis equipment at that time. They
argued, on the basis of the classical works of Strovhal and Ravleigh. thar the modulated
wideband noise generated by propellers was analogous to the "Aeolian rones" generated
by wires in the wind., Their experiments showed that the Strouhal frequericy corresponding
to the conditions at rod tips (where the velocity was greatest) correlated very closely with
the maximum frequency in the measured noise spectra. The mechanism behind this kind of
noise generation is thot eddies shed from the rod induce fluctuating pressures on the rod
surface which in turn radiate noise; whence the expre.sion "vortex noise". It was not
until 1947 that Yudin (Reference 3) advanced the work of Stowell and Deming by devel-
oping an analytical expression for the "vortex" noise of rotating rods by integrating the
acoustic power output along the rod length,




Yudin's wotk has formed the basis for most analytical /empirical aralysis of the so-called
vortex noise up to the present time, Hubbard (Reference 4) adapted Yudin's result to
accommodate empirical correction factors which were based on experimental propeller
noise data. 3chlegel, et al. (Reference 5) further modified the Yudin/Hubbard formula
for overall leveis, proposed a normaiized spectrum shape based on Strouhal numbers, and
applied the resulting formulation to helicopter rotors. The spectral distribution was simply
presented as a set of octave band levels relative to that in the band centered on the
Streuhal frequency. Such a step is indeed consisteat with Yudin's analysis with the excep~
tion that in dealing with airfoils instead of round rods, Schlegel, et al., substituted
projected frontal blade thickness for rod diomeiers. Consequently, as blade angle of
attack increased, so did the projected thickness so that frequency weni down.

The latter results were obtained on the basis of experimental data obtained for helicopter
rotors, on the assumption that all the acoustic energy within a wide frequency band is
random in nature. As can e seen in figure 1, o detailed narrow bard analysis of pro-
peller noise over a corresponcing frequency range reveals the presence of a significant
amount of harmonically rrdered noise. There is thus a strong possibility that the empirical
formulae offered by References 5 through 7 are influenced, if not controlled, by periodic
components of the spectrum,

The above discussions indicate some of the uncertainties which exist regarding the
origins and nature of "vortex" noise. Fortunately, the problem of "rotational" noise
is understood to a considerably higher degree and much of the work addressed ot that
subject is beginning to throw light on the problem of "vortex" noise radiation.

The classical theoretical result obtained by Gutin for the propeller noise radiated due

to steady thrust and torque forces shows good correlation with experimental data, at

least for the low order harmonics and has generally been adequate for prediction purpeses.
However, the theory grossly underestimates the higher order harmonic levels. In recent
studies of the helicopter noise problem, Lowson and Olierhead (Reference 8) essentially
extended Gutin's analysis to include the effects of harmonic airloads. The solution con-
tained a somewhat complex collection of Bessel functions and accounted 7or harmonics of
lift, drag and radial force components.

The conclusions reached as a result of this study were numerous and will not be repeated
here. However, the following excmples are of particular relevance to the present study:

(M The range of airload frequencies which make significant contributions
to any acoustic frequzncy f is approximately (1 = M) f to (1 + M) 7,
where M is the rotational Mach number. Since M, ‘or propellers, typically
lies betwzen 0.5 and 1, it is clear that very detailed aerodynamic date
is required in order to riake realistic calculations of audible roise radiation.

(2) A narrow band analysis of helicopter noise showed a predominance of
"rotational " noise harmonics to significantly higher frequencies than
had previously been believed.




The second observation should be accompanied by a statement that here "rotational "
noise is defined as "narrow band acoustic energy centered at harmonics of the blade
passage frequency." It again brings us to the question of whether or not it is necessary,
or justifiable, to distinguish between "rotational" and "vortex" noise. It has already
been stated that both are the result of aerodynamic pressures iz motion and that any
. differences are mainly a matter of spatial and temporal coherence. The low frequency
noise is controlled by airloads which are functions of the gross dynamic and aerodynamic
behavior of the rotor or propeller. In the case of the helicopter, the low airload har-
monics are dominated by nonuniform inflow veriations whose fluctuctiors are highly
repetitive from revolution to revolution. As t-equency increases, emphasis is transferrea
to airload variations which result from more randomly osccurring phencmena such as wake
insiabilities. Such variations are not exactly repetitive during successive blade revolutions
with the result that the airload spectrum, instead of containing discrete harmonic spikes,
begins to exhibit "narrow band" peaks. This is reflected in the acoustic spectrum and
excggerated by the frequency broudening effects described above. Finally, ot very high
frequencies the pressure variations are very random, resulting from various turbulent flow
phenomena. Thus, the narrow band peaks increase in width and eventually become o
spectral continuum,

The background which led to the present investigation may be summarized os follows:

(i) For high tip speeds and high power loadings, Gutin's formula provides
reasonable estimates of the lower harmonics of rotational noise
at least for radiation directions away from the axis of rotation;

(ii) Harmonic source theories such as that of Lowson and Ollerhead
give a good understanding of harmonic noise radiation mechanisms
and account for the deficiencies of the Gutin formulation at higher
frequencies. Unfortunately, lack of knowledge of the magnitude of
the fluctuating source terms limits the usefulness of these methods
for prediction purposes. In fact their greatest value is that they
allow estimates of the source terms to be derived from the observed
noise;

(iii) Empirical formulae for the "vortex" noise radiation are consistent with
experimental datc for limited ranges of application but the detailed
dependerce of its spectral and directional characteristics upon pro-
peller configuration and performance parameters are essentially
unknown;

(iv) Although the major design requirements for quiet propellers are known

in principle (low disc loading, low *ip speed, low blade loading), the
1 theoretical benefits of these measures are not achieve:: in practice
and theory seems particularly poor under low noise conditions.
Available experimental data indicate that in this region, "vortex"
noise assumes greater importance relative to the harmonic noise .




The objectives of this progrom were to perform a combined anolytical and experimental
study of propeller noise at low tip speeds in an attempt to fill some of the obvious gaps

in present knowledge. In particular it was desired to extend the Lowson/Ollerhead
analysis 1o the case of noise radiation by random sources, to measure some of the required
aerodynamic input terms on airfoils in both uniform translation and rotation and to develop
noise prediction procedures which may be used to cptimize the design of quiet propellers
with greater confidence than had hitherto been possible. '

The work performed to meet these objectives is described in the following sections.
Section Il includes a review of propeller noise theory and presents the theoretical

results for noise radiation by rotating, randomly fluctuating airloads. Section IlI
describes experiments performed in a wind tunnel and a specially developed pro-

peller test stand, and includes examples of the measured data and a discussicn of the
results. In Section IV the theoretical and experimental results are correlated to derive
appropriate source terms for the acoustic equations. Section V reviews the major findings
of the study and presents a number of recommendations for further work., Computations
have been performed to prepare a set of charts and formulae which may be used to predict
both the harmonic and broadband noise of low tip speed propellers. These, together

with full instructions for their use, may be found in Appendix Ill. Appendices I and II
are devoted to a description of the experimental facilities and tabulations of experimental
data,




SECTION I
PROPELLER NOISE THEORY

ANALYTICAL CONSIDERATIONS

Although the primary objective of this study wos to investigate the mechonisms under-
lying the generotion of propeller broadband noise, it is procticolly impossible to divorce
this component from the periodic "rototianol " noise since the distinction between them
is not olways clear. Accordingly the orguments developed in this section cover the
generol problem of ocoustic radiation by rototing blades. The distinctions between the
two components is that rototional noise is thot component attributoble to potentiol flow
effects, whereas broadband noise is the component resulting (directly or indirectly)
from fluid viscosity. Note thot the more commonly used expression "vortex" noise is
generally ovoided since olthough perfectly valid, it is really o legocy from early
studies of Korman street effects. It will be shown thot there ore in fact severol
possible sources of broadband noise in the propeller cose.

One of the earliest analyticol studies of propeller noise generotion was performed by
Gutin, who revealed that accurate colculotions could be made by considering only

the octions of the steady thrust and torque forces upon the atmosphere. To derive

this solution Gutin considered o simplified model consisiing of a ring of discrete

sources representing the propeller disc. The air at eoch point experiences o force as

a blode passes by, and not at ony other time. The resulting sound field wos obtoined

by Fourier onalysis of this force system and, as might be expected, turned out to have

o periodic waveform with a fundomental frequency equol to the blode passage frequency.
This theory provided a convenient solution, which for high tip speeds (typically 800~
1000 ft. per second) proved sotisfactory for proctical use.

However, Gutin's equotion proved to underestimote the higher harmonic levels for lower
speed oropellers ond particularly helicopter rotors. These discrepancies prompted Loewy
ond Sutton (Reference 9), Schlegel, et ol. (Reference 5), and others to exomine the
effects of fluctuoting components of the blade airloads. They extended Gutin's onolysis
to cover models comprising surfoce distributions of sources which were energized ot
multiple hormonics of the blode passage frequency. Through numericol solutions, they
were able to show thot periodicolly fluctuoting airloads of relotively smoll omplitude
could be responsible for the observed ocoustic hormonics. However, the calculotions
were still inoccurote ot oll but the lowest frequencies and in ony cose were of no volue
for estimating the apporently random higher frequency energy which becomes increasingly
importont ot lower tip speeds.




The reasons for these inadeauacies are easily traceable to oversimplification of the
problem although these are equally easily excused. Unsteady aerodynamic: phenomena
associated with propellers and rotors are exceedingly complex and themseles defy
mathematical analysis. Evan those which are reasonably wa!l understood 12ad to very
complicated acoustic calculations and there is a very great temptation for the acousti-
cian to simplify at every stuge.

In order to assess the implications of some of these simplifications and assumptions it is
necessary to return to the basic equation for the sound propagation in a perfect, stationary
fluid. In this medium the pressure perturbation, p, sotisfies the homogeneous wave equation
(in tensor notation with implied summation over three dimersions).

3%p 3%p
—_— = g = = g (1)
afz 0 ax.z

i

Here a is the speed of sound and the x. are the three orthogonai displacement cocrdinates,
In general, p= 002 p sothat p and p are interchangeable in the above equation, Althcugh
not specified in these terms, Gutin's analysis were essentially a solutien of this equation, for
the region surrounding the propeller, in terms of the blade pressure distributions,

A more appropriate equation is the non-homogeneous (forced) equation:

3%p 3%p Q oF, a%T.,
el 2 - == Lo J | (2)
912 0 ax.2 ot ax, B axj

The three terms on the right hand side correspond to monopole, dipole and quadrupole
sources which have been discussed at leagth in, for example, References 10 and 11,
Very briefly, dQ/dt is the mass introduction term for a simple source, aFi/a x, is

the force distribution corresponding to surface dipole radiation, and a’rij/ axi Ox, is

the volume distribution of "acoustic stress" responsible for quadrupole noise. Actually

it represents all the effects due to fluid inhomogeneities not accounted for in the homo-
geneous wave equation, including temperature, refraction, diffraction and fluid motions.
The latter has in fact the most practical significance and in general Tij =pv. vJ. , the

“Reynolds stress”, The importance of Tij is discussed in detail by Lighthill (Reference 11),

In making use of the above equation for present purposes, the question arises of what is

the relative magnitude of the three terms. In many studies the first and third terms have
been discussed as insignificant by comparison with the dipole term. Whereas this is probably
true within certain limited ranges of conditions, it is most important tc evaluate the inter-
relationships in each and every situation.




For the case of sources which move in a straight line with uniform velocity the sound
pressures generat. < 3y each type of source are (Reference 37) observed to be:

_ [ q'
Pm = 4m(1-McoséT]
il cosa oF

Dipole: Pp = - —_ (3)
41Ta°r {(1-M cos 0)% 3t

Simple Source (Monopole):

- —

cos? @ 9271 ]
Quadrupole: Pg = 4,,.002r T o |

where the square brackets denote evaluation at the retarded or source time T =t -r/a
(which is separated from tie observer time, t, by the time of propagation r/ a ), 0 s the

angle between the direction of motion and the observer ¢t 7, and M is the source Mach
number. The simple source parameter q' is 2Q/dt. Since a typical source frequency may
be assumed to vary with velocity U, each time differentiation of the source term introduces
a factor U into the resuli so that the velocity dependencies of the three terms follow the

proportionality
1. | Ucos—e—__ : Ucos 6 2 (4)
1-Mcos® 1-Mcos@

Thus we see that the multipole sources rapidly increase their radiation efficiencies as they
move at greater speeds with quadrupoles increasing at a greater rate than the dipoles.
This ratio of course reflects the well known velocity dependence of the three source types.
Since q, Fi and Ti' all typically vary as the square of velocity U, the absolute sound

pressures vary as U :U :U " and the sound intensities as U4:U6:U8. This fact is frequently

relied upon to identify source types in experiments in which the variation of acoustic
power with velocity is measured.

For sources which follow a circular path, as do the blades of a propeller, the results
become rather more complex since both the velocities and accelerations of the sources
contribute to the sound field. Lowson derived expressions for the sound fields of rotating
sources of constant strength and performed Fourier analyses to compute observed harmonic
amplitudes. Following Lowson's analysis, it can be shown that the absolute magnitudes of
the n-in harmonic (based on the rotationol frequency ), are in cach case:




Monopole: PM S -2-’3;7 Jn (nMsin8)

n

Dipole: Pp = —Y;Tqr— F Jn (nMsin0) (5)

n

Quadrupole: pQ —2-7-;0-7—— T Jn (nMsinB)

In these equations, which have been simplified by restricting the sources to single components,
the Mach number effect appears in the argument of the Bessel function J (of the first kind
and of order n). The angle 0 is measured from the axis of rotation (posmve in the thrust
direction, r is the distance of the observer from the center of rotation, and M s the
rotational Mach number of the source at radius R from the axis.

As recently demonstrated by Ffowcs-Willioms and Hawkings (Reference 13), who compared
the dipole and quadrupole sources for rotating machinery sources, the relative importance
of the three terms ccn be assessed by making reasonable assumptions regarding the magnitude
of the various parometers in the propeller case. First of all, the ratio of the three hamnonic

levels pM P Pp ¢ PQ is
n

n
; nQcosOF n?Q%cos?0 T
q': - : = (6)
0 0

The terms F and T are the dipole and quadrupole strengths, which, in the propeller case,
are the thrust and integrated Reynolds stress components, respectively. The monopole term q'
has been associated, in early studies of rotating blade noise, with the volume displacement of
the fluid by the finite thickness of the blades. However, as there is no net input of air mass
due to the thickness effect, it can be argued that the monopole strength must be zero in an
ideal fluid. In the present work, the monopole term will be neglected.

As pointed out by Lighthill (Reference 11) the thickness effect does induce a net dipole strength,
equal to pOVB 0 where VB is the blade volume and U is the local blade acceleration.

The blade force dipole strength F may be written

F = CF R, (RR)%Re (7)

where CF is a force coefficient based on blade speed and planform area, and c is the

blade chord. Thus, the ratio of thickness to thrust dipole components is

8
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where U = QR and t is the blade thickness.

This indicates that thickness noise will oniy be significant, relative to the thiust load temm,
for very thick blades at low loading conditions.

The Reynolds stress T can be expressed in a similar fashion since, as noted by Ffowcs-Williams
and Hawkings, fluid velocity perturbations in the neighborhood of the blade may be assumed
proportional to that of the biade itself. Thus

= 2p2 {
T CS %.Q R“Rct (9)

Substituting equations (7) and (9) inte the ratio (6), we obtain the proportionality

Pp :Pq = MCF cos 0 : n M2(t/R) CS cos? 0 (10)

n n

It may be assumed that CF and C_ are of order unity, and for a propeller with B blades

S
n=mB , where m is the harmonic number based on blade passage frequency. Thus ine
above ratio becomes, for t/R=0.01,

Mcos® : 0.01 mB (Mcos®)? (1)

This relationship is illustrated in Figure 2, where the relative sound pressure levels of the

two source types are plotted as functions of harmcnic number mB and the Mach number compo-
nent M cos 8 . This figure clearly illustrates the equal importance of both parameters showing
that although at low Mach numbers, dipole (force) nocise dominates the low frequency noise
radiation, at high frequencies ( mB >100) and high Mach numbers the quadrupole (shear)
component can exceed the dipole noise. In assessing these recults it 1s of course important to
remember that: (a) these results apply only to the specific case examined and that there is
uncertainty regarding appropriate values for CT and CS; (b) only one component each of

force and shear have been considered, and other components modify the ratios; (c) the
expressions used apply for steady flow conditions and both the quadrupole and dipole noise
will be increased by unsteady flow effects. Despite these limitations, it may be concluded
that for quiet propellers operating at tip speeds of less than about M = 0.5, quadrupole noise
should not be expected to make significant contributions to the harmonic noise from mB < 200
even on the propeller axis. Furthermore, the relative contribution rapidly decreases with tip
speed and as the observer moves away from the propeller axis (M cos 8 decreasing).

9
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Although some of the previous discuss:ons are appropriate for ncise which is not harmoni-
cally related to disc frequency, it is most important to recognize that they have been based
upon poiential flow considerations. Random noise results mainly from viscous fiow effect
and it is particularly relevart that, as pointed out by Ffowcs-Willioms and Hawkings,

the Reynolds stresses near the blade are dominated by lominar flow perturbations, Tur-
bulent flow is constrained to small regions, mainly in the blode wakes, and the strength

of random quadrupoles may be significantly lower. It is thus necessary to examine the
dipole-quadrupole relationships for turbulent fiow as a separcte matter,

SCUIND GENERATION BY TURBULENT FLOW

There are two basic turbulence sources, external turbulence interacting with the blade
and self-generating turbuience. Although in practice these are highly related, they

are best treated by different theoretical methods. Externul turbulence includes thot
existing in the atmosphere or that shed from othar aircraft components end, more
importantly, turbulence shed by other blades. Self-generated turbulence is that in the
blade boundary layer but this should be further subdivided into the well behaved attached
bourdary layer and the separated flows near the blade tips and trailing edges. The

latter areas are normally associated with increased levels of turbulence.

The generction of sound from a surface in the presence of turbulence was studied by Curle
(Reference 18), who developed the following exact equation for the density perturbation

at position x:

wine e [52] o 1258 e ] o

where V and A denote volume and surface integrations, Pij is the nine component stress

tensor which includes the viscous and internal pressure forces in the fluid, nj is the
component of the outward normal to the surface, v is the normal velocity of the

surface and Tij = pv, vj +p,. - p Slj , an acoustic stress tensor incorporating
several effects, the most important of which is generally the turbulent stress.

In fact, this equation is a solution to equation (2 ) and the three terms on the right
hand side are monopole (mass), dipole (force) and quadrupole (stress) components.

Although the appropriate form of the equations for the sound radiated by a surface is
known, the exact physical mechanisms which generaie the sound in the various cases
are not clear. For instance, the fluctuating forces on a stationary surface are supposed to
radiate sound, but if the surface is indeed stationory then these forces can do no work. In

10
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the case of o stationary surface it appears that the observed force can be regarded
as the consequence of some real source of sound. They do not in themselves produce
the sound but are convenient for its calculation.

For an infinite plane surface this property of the surface can be shown explicitly

using the reflection principle. The rigorous derivation of equation (12) above applies
when the observation point x is inside the volume of integration V. If the cbservation
point is outside the volume V then we derive

2 T.. E..N, p v
o=3x_aﬁ [_ﬂ.]dv-%/ _'J__'-ldA+—%[ onlga (13
g L® 'a LT A

r

These two relations (12) and (13). may be used together for the case of turbulence
above an infinite plane surface. First note that the sound at the observation point

is truly given by equation (12) so that if we know the strength of the acoustic stress
and the pressure and mass sources on the toundery the sound can be calculated.
Furthermore, by letting the volume V extend to infinity the source terms at infinity
will become zero and all that is necessary is to integrate the surface terms over the
plane boundary alone. But the plane boundary can be simulated by a supposed image
turbulence, which reflects the real turbuience in the plane. Furthermore, the image
turbulence together with the image fluctuating pressure makes precisely no contribution
to the sound at the observation point by virtue of equation (13). Thus equations (12)
for V and (13) for an image volume V' can be added together,

Now the normal pressure terms for the real and image cases are equal and opposite.
The tangential terms are due only to viscous forces and are negligible and W is

zero for the rigid boundary. Thus, adding (12) and (13) gives rise to a cancellation
of the direct, static, pressure terms so that the sound field at x can be written as:

2 ik [ N
47ra° p(x) = oy f l L | av (14)
1 ki V+V. L r
providing the viscous terms can be ignored which is shown to be the case experimentally

(see for example, Lighthill, Reference 11),

Equation (14) shows that the total sound field is just the sum of the real and image turbulent
radiation. Thus the infinite plane can be 1egarded simply as a passive reflector of the
turbulent sound emission. The fluctuating pressures on the plane are merely a result of

the reflection process.

In the case of the finite plane the required image turbulence will not be a simple
reflection of the source turbulence. Here it is possible to regard the turbulent field
either as reflected and diffracted by the finite plane as the source, or to regard the
actual pressure field on the plate as a source. From the physical point of view probably
the first explanation is more correct, but from the calculation point of view the second

n




way of looking at the process is more helpful. The scattering process for a finite

plate can result in mognification of the quadrupole field. It is therefore often mere
convenient to study the sound field dun to the pressures, which are basically dipole,
and hence of a higher efficiency. This approach retains the largest terms in :iie acoustic
field.

It should be mentioned that a basic theorem of potential theory shows that any field can

be constructed from an appropriate assemblage of any order multipeles. Thus the quadrupole
field of turbulence can be constructed from the dipole field of the plaie. Only for the
infinite plate case the integrated dipole strength would be just zere; finite dipole radiation
must be expected from a finite plate.

These remarks do have practical significance in noise control, for they suggest that
turbulence over extended surfaces will radiate as U8 (quadrupole), while the same

turbulence passing over a small surface will radiate as U6 (dipole). A reasonable estimate
seems to be that sounci from turbulence within about a wavelength of the p'ate edge will
be magnified while turbulence over the plate outside this region will simply be reflected.

This has important consequences for the velocity dependence of the radiated sound.

For a given frequency, the ratio between the wavelength of the source to that of the
radiated sound is simply the ratio of the fiow velocity to the speed of sound, i.e., the
Mach number. Thus at low speeds the sound wavelength is long, and the whole plate
can be radiating as a dipole, while for high speeds the sound wavelength is small and

the reflection principle comes into its own., Thus it may be expected that the high speed

radiation from a boundary layer on a plate will obey the U8 law, but the radiation will
diverge from this law at low speeds, Similarly it is to be expected that the high frequencies

will obey a U8 law while the low frequencies wil! correspond more closely to a dipole
result, .

This also explains why the noise radiation of external turbulence, which has a scale of
the order of the chord can be calculated in a dipole model. It is to be expected that

the true boundary layer noise, where scale is of the order of the boundary layer thickness,
would radiate as a quadrupole down to quite low velocities.

a. Radiation Due to External Turbulence

The first example taken will be radiation from a plate in a turbulent airfiow. If the speed
is subscnic the acoustic wavelength will be larger than the turbulence scale so that sound
from plates of dimensions perhaps up to several times the turbulent scale should be calcu-
lable simply from the fluctuating pressures.

12
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The expression for the fluctuating density from a distribution of fluctuating sources
can be written as:

e o dA (15)
P dmair?
o 4 ot

The tota’ acoustic power is the integral of a: p%/ P, over the field which is

W = Tﬁ%ﬁ;’f/[% (x)”%’;- (x')}dAdA' (16)

A A
Thus we should evaluate the retarded (source) time correlation of the rate of change of
pressure on the plate. Now to use this expression we have already had to assume the
plate dimension wus of the order of the acoustic wavelength. If we now assume it is
small compared to the wavelength then the "compact” source assumption can be utilized
and the retarded time assumption dropped. Next, one of the integrations over the surface
is simply a correlation integral and we can write

/%% (x) 2 () dA" = %"Ac (17)
o

where Ac is the correlation areo of the pressures. This gives
1 a2
W= Teer / 2" A_dA (18)
A

if the biade is in a homogeneous patch of turbulence then the integral simply becomes a
multiple by the blade area, A, . The effects of variation of conditions over the biade span
will be studied in Section Ii.4,

To evaluate equation ( 18) for the case of impinging turbulence we moy take advantage of
the results of Kemp and Sears (Reference 14) as simplified by Lowson (Reference 15). This
shows that the mean lift per unit span on an airfoil in a sinusoidal gust of frequency w and
magnitude v is

npocUu

L = 19
moc /2 (19)
U

where ¢ is the airfoil chord.

To extend this to three dimensional conditions we note that the mean lift in terms of

pressure fluctuations is:
L= Prms 4 e per unit span (20)

where lcis the correlation leigth in the c direction.
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If we also put (% ) = w? p® where « is a typical frequency, then equation (18)
becomes, using the resuits above )

1 o? 1rpocU3u2
- 12npa3l A<: (24) cl w (21)

) c

The 2A arises. because both sides of the plate radiate. If we finally put w = U/ 1, ‘where
| is a typical length and let Ac =12, | = I, the final result for the sound power
radiated is o
1 P U%u® A
W=~ —9——,-—-00 (22)

This result is almost identical with that of Sharland (Reference 16) for the same case, except
he has a factor m/20 instead of 1/6. Somewhat less restrictive assumptions have been made
in the present investigation,

b. Boundary Layer Radiation

The same formula can be applied to radiation from the boundary layer pressure fluctuations
acting on the platae. It will be recalled that theory indicates the direct quadrupole radiation
from the turbulence to be stronger for this case, nevertheless it is of interest to attempt a
boundery layer pressure {luctuation calculation.

Equation (18) gives

e | 72,2

Experiments indicate that p? is of the order that p2 =36 107¢ g2, where q is the dynomic
heod ( P, u2/2 ). However, there is a rather less ogreement over the correlation data
magnitude.

Values of correlation areas assumed by various authiors ar 2 given in Table I, There now seems
little au bt that the correlation area assumed by Coak was far too large, while that of

Lighthill is somewhat too small. These assumptions were based on limited available data

sources. Most recent studies of boundary layer pressure fluctuations have broadly agreed
with Bull's data (Reference 20). Thus the correlation area can be expressed as w? Sc = KU?

where the constant K is the range 0.1 < K < 1.0, Substituting into equation (23) gives the
approximate result

1077 P ué A

W =

a’ (24)
0

in agreement with Sharland (Reference 16).
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Comparing equation ( 22) with equation (24 ) shows that an input turbulence level of
as little as 0,001 is sufficient to outweigh the direct radiation of the boundary layer
pressure fluctuations., Two assumptions were made in the derivaiion of equotion {18),
that the blade was small and the sources compact, The compact source assumption is
probably reasonable because the eddy scale is small, but the small blade assumption is
not necessarily correct, and it could be more appropriate in this case to calculate the
sound as a turbulence reflection. If we crudely assume that the turbulence is similar to
that in a jet we can use an empirical model for the radiated jet noise (Reference 11):

-\%- = 35105 MS (5)
J

reating the mechanical and ccoustic powers of the jet, The mechanical power of the plate
is roughly 0.0% Py U’ A and the acoustic output must be quadrupled to allow for reflection.

Thus it appears that

6x107¢p uta

W = 2 (26)

a’

0

could be an order of magnitude estimate for the turbulence noise output. Equation (26) shows
that the sound due to turbulent radiation wil! be higher than that due to pressure fluctuations
for speeds greater than M = 0.1, This offers some confirmation of the small power output of
the pressure terms on a large plate. The estimate (26) does not include the effect of plate
edges on the sound. The trailing edge turbulence radiation should be enhanced by this effect.
On the other hand, the turbulence in the boundary layer has an increased decay time scale
compared with a jer, and this would result in a noise radiation somewhat less than the above
estimate.,

c. Vertex Shedding Noise

Little data are available on the magnitude of lift fluctuations induced by the bound
circulation changes which accompany trailing edge vortex shedding. Sharland quotes
from unpublished data that fluctuating lift coefficients should be of the numerical order
of the -1/5 power of the Reyno!ds number and gives the result for the tota’ radiated

power Po U6 (Re)-°’4 A

W= (27)
120m a3
0

COMPARISON WITH PREVIOUS EXPERIMENTAL DATA

The classic fheones advanced above suggest that broudband noise radiation from propellers
will obey a U law when under the action of e..ternal turbulence of scale comparable with
blade chord, but may show a vt dependence (as for jet noise) when under the action of
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boundary layer turbulence — at least at moderate and high spesds. Self interaction with
separated flows probably comes into an intermediate category.

Sharland performed a key experiment which demonstrated the relative importaice of

self excited and external turbulence to the radiated noise. He measured the broadband
noise radiated by a sma!i plate inserted into the flow of an air jet at positions located in
both the Iecminar flow region close to the nozzle and the fully developed turbulent flow
eight diometers downstream. His results, which compare the experimental data with
estimates based on equations (22), (24), and (27) (or very similar ones) are presented in
Figure 4. The highest levels were obtained in the turbulent flow region and the external
turbulence equction (22) is seen to predict the observed levels very accurately.

The laminor flow levels were around 15 dB less and the vortex shedding equation (27) gives
a better estimate of the lever than does the exiernal turbulence equation (based on the
turbulent shear levels surrounding the laminar core), apparently confirming the predomin-
an:e of vortex shedding in this case. However, the validity of the assumptions used in
equetion (27) is unclear and it is also important to note that, as shown by Tu (Reference
38) even for a carefully designed nozzle, turbulence levels can reach 1-2% in the
"lamincr cores” of jets. These would be quite sufficient to explain Sharland's laminar
flow data and the vortex shedding effect remains open to question. The boundary layer
level predicted by eguation (24) is practically 20 dB too low but aguin an appropriate
magnitude for (p/q) is not clear.

A further source of data is that of Yudin (Reference 3) who performed experimenis with
rotating cylindrical loads. This experiment necessarily invelves passing each rod through
ine wake of its predecessor und Yudin's U% resuits therefcre verify the dipole model for
external turbulence. Yudin claimed that the sound radiated was due to the Karman
Vortex Street leaving the rods and used the term "vortex noise" for the phenomenon.
However it is impossible to ascertain whether the self excited force fluctuations or the
turbulent inflow was in fact responsible for the noise.

NOISE RADIATION BY ROTATING RANDOM FORCES
a. Theory

The previous sections have described the background to the present study and in
particular demonstrated the analytical techniques tor estimating the broad features of
noise attributable to turbulent flow processes. It has been shown that provided the scale
of turbulent fluctuations is not significantly smaller than the blade chord dimensions it

is adequate to calculate the noise radio’ed by the surface pressures by a dipole model.
The next step is to derive a more complete solution for the noise radiated by rotating
sources as a basis for a detailed correlation with experimental data to be presented in
Section IlI. The theory outlined below is essentially an extension of that developed by
Lowson and Ollerhead for harmonic rotor noise and is in fact a more rigorous development
of the analysis performed in Appendix I! of Reference 8. The theory has recently been
presented in detail by Lowson (Reference 22) and an equivalent approach was also pursued
by Ffowes-Williams and Hawkings (Reference 13).
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The riginal analysis (Reference 8 ) assumed thet the blade airloads could be expanded s a
Fourier series, which in turn limited the noise to a periodic signal containing harmonics of
the disc rotationai frequency fo' Cancellations due to symmetry of all blades in the rotor

further eliminates all frequencies which are not harmonics of the blade passage frequency
Bfo. Random noise on the other hand is radiated by blade loads which can occur at any

frequency and it is thus necessary to derive the spectrum function of the observed sound.

That is, we have to evaivate
)

’p\(f) =f p(t)exp -2mwift dt (28)
“20
where p (f) is the Generalized Spectrum Function at the observer's position. From
Reference ( 10 ) the sound due to a fluctuating point force in arbitrary motion may be
written

=Y F. l
M) = | o = T | (29)
r)ac r r : ’
With this substitution, equation ( 28 ) may be iniegrated by parts at the source time
(ignoring the near field) to yield
®
A ik (xi B Yi)
p(f) = ——— Fi exp - 27rif('r+r/qo ) dr (30)
e 0

The thrust and drag force components, T and D, are used (see figure 3 ) together with
the far field retarded time approximations of References 10, 12 and 37 which is

r=r‘- rR cos £t (31)
1

he random thrust or drag forces are in turn represented by their spectrum functions

A\ A [o'0)
T(g) and D(g) where A
T(g) = / T(t) exp - 2rgt dt
- (32)
and o
A e
T(t) = f T(g)exp 2migt dg
-

Substitution of these relationships into equation (30} yields (putting x,/rl =cos 8, y/r‘ =sin 9)

o o
vo- [ 5%
01

{ ?(g) cos 6 + B (9)sin B sin.QT}

- -0
o w
. exp - 27i {(f—g)'r % -;‘— il sin ecos.Q'r}dgd'r (33)
0 0
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which is integrated to give a series solution summed over a summation parameter  :

@

Ha
VI Ra) - _ 0 A - 2rfR
| {T(f pfo)cose m’ D(f Pfo)}JP< a

0

1 U= -0

56 = ,[;_‘r. ¢in e) (34)
0

where Jp is a Bessel Function of the first kind and order p. Before proceeding to

a discussion of this equation it is of considerable interest to comp~re it with the equivalent
result for harmonic forces from Reference 8 . This can be written

®
. aQi = o nQR
Pn ~ Zﬂ'ao f Z ' {Tn-p cos 8= nQR Dn-p J,u a " S (35)
: 0

p=-o
where P, is the pressure amplitude of the n-th hanmonic, and T)‘, D, are the
{complex) amplitudes of the A ~th harmonic of thrust and drag, using the equivalences
f= 2— and p = n= )\, It may be seen that the equations have in fact identical

forms, with the harmonic amplitudes and spectrum functions of the blade loads being
interchanged. However, a significant difference is that whereas the harmonic component
P, has direct practical value, the spectrum function b has no direct physical meaning

and the power spectral density w (f) of the observed sound must be calculated.

To do so it is convenient to rewrite equation (34 ) in the form
A f f D, N
) = g5 Y Flh-uf) G (®, (36)

R S

where it is assumed that the thrust and drag terms are simply components of the same normal
force term F, where

A A

A ’ oy
T = F cos o ; D = Fsind' (37)

o' being a physical blade pitch angle. The normal force F ic in turn defined in terms of o
load per unit blade length L such that F =/ L{n)dn, where the limits of integration are
for the moment omitted. The "acoustic transfer function” GH (R, f) is defined as

Ha sina :
_ . _ Dl 27rfRsin®
GIJ(R' f) {cosa cos 6 e } Jp <_—° > (38)

The equation for the observed PSD is
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w(f) = Lim ':'-"// p(n,fHP* (v, f)dndn (39)
T—ro@ non

where 1 and n' are independent spanwise coordinates and ,;;* is a complex conjugate
of P. Upon making the appropriate substitutions and putting n' = n+ ¢ . equation (39)
can be rewritten

- . 1 £2 A ~
w(f) = Lim T/f 4—0‘3'?—22 Ln, f-uf )L* (0", £-v )
na 0l e

T—o

* G, (1,0 G, (', f) dnn (40)

If it is now assumed that the cross terms in the summation cancel, which implies that
frequency components separated by the increment fo are statistically independent ,

and that Gp and Gv vory little over a typical dimension [ , then equotion (40)

becumes

= . ] ! f-pf f
"0 = g /f Y W s t-un) |e, ()

n § K@

*dg dn (41)

where wL' is the cross power spectral density of the spanwise blade loading at positions

n and N+ ¢. Finally, the ¢ integration is performed to give

£2 2
f) = Jf-pf )1 (F-pf) |G (0 ]2d 4
wlf) w;z/ w O, F=uf )1 p0>| L | n (42)
Olr'p=-m

where wi is the power spectral density of the spanwise blade loading at position n and
frequency f-pfo and l’l is a spanwise correlation length in the vicinity of n within

which the fluctuation at frequency f~-pf0 may be regarded as phase coherent.

* This is frue for stationary signals.
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The modulus squared of the "acoustic transfer function® is

va .
IGP ('I:f)"" = -{cosﬂcos a - Tn_foT sina}zJpz <21r1;:sm9> 43)

A further step may be taken by defining the biade loading function w (f) in terms of the
surface pressure spectrum “ (f) so that

wL(f) > wp(f) Ic c

where ¢ is the blade chord and lc is a chordwise correlation length. As noted
previously, if Ic < < c the problem is more properly treated by a quadrupole analysis
so that the above approximation is only true for fairiy large lc . However, it does

allow some account to be taken of the chordwise decorrelation at moderately high fre-
quencies by writing equation (42) as follows

£2 2
. fopf fopf 3|2
"0 o [ 3 v otstoa mut) [ b ]rea  wh
b. Discussion of Results

The dipole radiation by the random airloads acting on a propeller blade is completely
defined by equation (44), and solutions may be obtained if the spanwise distributions of
the power spectral density of the pressure fluctuations wp (n, f) ond their spatial corre-

lation Ac (n, f) are known, Before proceeding to a discussion of computational
problems, however, it is as well to examine the result in some detail in order to understand

the basic features of the noise radiation.

Ignoring for the moment the summation over the parameter p we see that the acoustic
transfer function G bears a close resemblance to an equivalent component in the
Gutin equation for the radiation by steady thrust and drag forces which may be written

nfoF ( aosina 2:n'fansine
pn = 00 r‘ \cosecosa- mo—n—>J —-—T— (45)

where P, is the pressure amglitude of the n-th harmonic of rotationai noise. F is again

a "normal" force whose compenents F cos « and F sin @ are total thrust and drag forces
respectively. in this steady load case, the basic features of the directivity pottern are
controlled by the term

a sina

cos 0 cos ¢ - -207;—?
0
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which exhibits two lobes with a null occurring at some angle chead of the prepeiler plane
(unless the second term s greater than cos & ). The Be.sel function Jn is zero for

zero argument so that theoretically no harmonic noise is rodiated along the propeller axis.
Also, in the Gutin equation for a subsonic propeller, the argument is clways l2ss than the
order and 50 the function never reaches its first peak which occurs when the argument is
slightly greater ihan the order

On the other hand, in equation (43), p can be any positive or negative integer so that
the argument of the Bessel function can exceed the order by any morg'n, in this situation,
as @ increases from Oto s , the Bessel function can follow many os :iliations about
zero 5o thar the radiation pattern for any p  can exhibit many lobes. This is shown in
figure 5 taken from Reference 8 , for various argumen: to order ratios. When many of
these p "modes" are added together the superposi ion of the various patterns smooths
out the directivity profile to a fairly smooth functicn,

Two other important properties of the Bessel functions which allow considcrable computotional
simplification are: (i) that for any given (non-zero) order, their vaiues are insignificant at
small arguments before a fairly sharp rise to their first peck, and (ii) that for any argument,
the envelope of their peak values remain relatively constant with change in order up to a
"cut-off" order. These features are shown in Figure % in which 10 log Jr:B (mB Msin 9 )is

plotted against order (mB), for various arguments. Taus the significont range of the sum-

mation barameter p in equation (44) is confined tc limit: approximately equol to the Bessel
. . _ . 27fnsin®

function argument, i.e., p =t ——m—

a
0

From a physical point of view, these facts indicate that the ncise spectrum at frequency f
is generated by blade pressure energy spread over a range of frequencies between
f £ f Msin @ where M is the rotational Mach number of the blade coordinate n ;

0

i.e. M=21rl'|/c|o . This is entirely due to the Doppler effect which causes a modulation

of the fiequencies observed from a rotating source. Thus, as the observer moves away from

the propelier axis, the observed frequency spectrum is broadened due to rotation. Conversely,
on ‘ne propeller axis, there is no Doppler effect and the p summation disappears. This
fact is most important from an experimental standpoint since it shows that acoustic spectrum
measured on the axis is generated entirely by the fluctucting loads on the blade and is

simply related to their integrated spectrum.

c. Computation

At the outset of this program it was hoped to make experimental measurements of some
of the properties of e and Ac to provide a basis for the numerical evaluntion of equation (44),

Attempts to do this will be described in Section I1I, but their success was somewhat limited
and it has been recessary to further simplify the theoretical result. To do this, the concept
adopted by Gutin and other investigators, that acoustically effective blade loads can be
concentrated at a single point on the blade, is used to eliminate the spanwise integration.
It was shown in Reference 8, that this procedure gives satisfactory results for harmonic
blade loadings and the same arguments apply to the present case. Aiso, an optimum
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loading station appears fo be at 0.8 of the radius. After this radial integretion,
ejuation (44) becomes

@

- - 2
wif) nE w (R F-bE) A R, F-pF,) lep(a,f)l A (46)
p=-o

where Ab is the blade surface orea. On the assumption that the pressure fluctuations on

different blades are totally uncorrelated with each other, this is simply the total area of
all blodes." Although not specificaliy identifiad as such, v and A_ are “effective values"

appropriate to the concentrated source assumption,

The main problem associated with the practical use of equation {48), is now that of
calculating the Besse! functions, particularly those of high order andhigh argument. Even
using a high speed recursion method, machine computation is lengthy and difficult ard to
make the analysis tractable for limited computer facilities, a Bessel function approximation
has been employed in meny of the calculations performed in this stuay. It is found that the

value of J; () =0.1955 %8¢ and the assumption adopted is that
Jp’(z) - JP’ » for p<z

(47)
= 0 otherwise

This approximation is felf to ke very useful for this particuler application and should result
in very smali errors for a large saving in computer time. For p =0, either the exact value

2
e=0.32

or the approxitnation Jo (z) = has been used for small z.

* byt see Section IV.1.
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SECTION 111
EXPERIMENTAL PROGRAM

OBJECTIVES

Previously reported measurements of propeller noise (References 23 to 26, fer example)
have either been directed towards o general description of the noise field in terms

of uverall sound level or have been restricted in analysis detail by the use of relatively
broad filter bandwidths (compared to the harmonic separation). This has precluded a
separation of the harmonic and broadband noise components of propeller noise spectra
except in the region of the first few harmonics of the blade passage frequency and has
resulted in a general subdivision of propeller noise characteristics into "rotational " and
“vortex" components, the lutfer being generally assumed to comprise all the energy in
the region of the Strovhc| frequency. It is obvious that such lack of detail can lead to
misinterpretations of the origins of sound generation, which, as previously discussed, can
be associated with the particular nature of fluid medium disturbance. In the case of
propellers, these disturbances arise from the movement of the blades through the medium
which creates direct and viscous shear force conditions in the region of each blade and

in the wake.

The analytical representation of these effects in propeller noise theories has been somewhat
limited by a lack of knowledge of the unsteady aerodynaomics, except in low harmonic
cases where cyclic loads can be predicted with reasonable accuracy such as the heli-
copter rotor case. In considering the basic areas of ignorance in the preceding theories,

it is apparent for example that the effects of wake turbulence and blade impingement rely
completely on some knowledge of the turbulence intensities and profile geometries in
relation to blade parameters. Further, the use of such information is based on a simplified
Sears function which is more appropriate to cinuscidal gusts of scale length approximating
to a blode chord, Consequently, to justify the usage of such expressions, and indeed, to
previde a basic input to the subsequent noise theories based on them, it is apparent that
some preliminary experimental studies should be conducted along the lines of o verification
analysis. While the form of such an experimental study may take various complexities

info consideration, the basic technique derived for the present program was based on an
emphasis of interest in broadband noise phenomena and therefore concentrated on the
effects of turbulence and wake geometry, A wind tunnel test program was devised which
would allow a detailed examination of the wake geometry and in particular, the turbulence
intensities within the wake field of a simple airfoil section blade with different blade tip
shapes. Wake geometries have previously been studied in some detail, as for example by
Silverstein et al (Reference 27), but defined in terms of the dynamic pressure loss and
downwash characteristics. In the present study the objectives were to briefly check the
Silverstein relationships and to derive a similar relationship for the turbulence magnitudes
in terms of streamwise direction, which is of course, pertinent to the propeller blade
separation and wake impingement problem.
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As an obvious follow-up to this study, an additional blade was mounted in the wind tunnel,
in a tandem arrangement with the previous blade such that it was immersed in that blade's
wake. The downstream blade was instrumented with four pressure transducers which were
flush mounted on one surface, at the quarter- and mid-chord positions. Pressure measure-
ments were obfained under this impinging wake condition and then with the upstream blade
removed such that the inctrumented blade was influenced only by the free stream turbu-
lence and its self-generated turbulence.

The further requirements of the experimental progrom on low speed propeller noise were
simply defined by the need for a detailed description of the actual operating blade loading
conditions on a propetler, and for a detailed analysis of the radiated noise field. A whiri
test program was therefore defined by which blada pressure and noise field measurements
would be obtained for a number of propeiler configurations and (static) cperating rotational
speeds. For the blade pressure measurements, five 1/8-inch diameter pressure transducers
were installad near the tip of one propeller blade of a four-blade configuration. Data

were obtained from these transducers during a preliminary test at zero blade tip angle and at
three rotational speeds. These data were not recorded on magnetic tape, but analyzed in
one-third octave bands by an on-line analyzer to determine transducer capebilities and
extraneous noise levels, Further tests to obtain and record the blade pressure data at higher
blade angles were abandoned due to transducer failures. The da. acquired during the
preliminary tests are presented in this report.

The propeller noise tests consisted of a radiated noise measurement program on propelier
configurations comprising 2, 3, 4, and 6 blades, at various blade angle settings and at
three rotational speeds. The effect of tip shape was investigated on a 2-blade and 4-blade
propeller. As is show: in Figure 7, the standard tips were formed by rotating the airfoil
section about its chord line, the swept tip consisted of a 40° sweep of the leading edge
with thickness tapered to retain an approximate 12% t/c ratio over the section. The
"trapezoidal" tip was formed by a 15° tapar of the leading edge and 25° taper of the
trailing edge, with corresponding thickness change as in the case of the swept tip. . These
profiles were chosen to allow an investigation of the influence of tip vortex geometry on
noise generation. Such applications of swept tip to helicopter rotors has reportedly resu lted
in noise reductions of the order of 5 dB on overall sound pressure and has been attributed

to the more rapid diffusion of the tip vortices with resultant lowering of the peak velocities
of the vortex., Whether these effects are more significant to the self-induced blade loading
or to vortex impingement on succeeding blades has not bean clarified in previous studies
and the present test program was directed towards such a clarification. The following sub-
sections describe the primary results obtained from each cf the experimental tasks and
include typical examples of the acquired data. A more complete compilation of the

e xperimental data is presented in Appendix Il. A detailed description of the test faci-
lities and measurement techniques is presented in Appendix |,
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TEST BLADE GEOMETRIES AND PROPELLER DESIGN

The choice of a propelier design suitable for the present study was based on the need
for a relatively simple blade geometry which would allow examination of particular
design parameters in the noise ancfysis. The basic configuration emplcyed in the test
program therefore consisted of a multi-blade hub with a set of six blades, ecch blada
kaving low twist and a symmetrical airfoil section with constant thickness and zhord over
its spon. A NACA 0012 section was selected for the study blades because of the con-
siderable amount of basic aerodynamic and noise dain already available on this type of
airfoil as employed in helicopter rotors. While not truly reoresentative of propeller
blodes, the relative simplicity of the design was considered to be beneficial to a study
of noise generation basics. A diameter of 4 feet was chosen to allow tip velocities in
the ronge of 0.2 < Mf < 0.5 to be examined within an acceptable r.p.m. ronge, and

a sitable blade twist rate 'was chosen which would allow a reasonable range of blade
angles to be operated without stall or reverse flow conditions occurring over the biade
span. These conditions were examined by a Goldstein-Lock blade element analysis,
using section lift and drag coefficients derived from hover performancz measurements of
a NACA 0012 blade rotor (Reference 28).

The effect of blade tip geometry on the noise generction process was examined by the

_ application of interchangeable tips to the propeller blades. The tip geometries are

shown in figure 7. These blade tips were made of cast epoxy resin with an internal sheet
metal reinforcement, and fitted to the propeller blades to form a sparwise secticn of one
chord length. A sufficient quantity of identical blade tips v:ere made to each profile for
use on six propeller blades and two wind tunnel blades.

The following propeller configurations were employed in the experimental program:

Propeller diameter : 4 ft,
Hub diameter :  8ins,
Blade numbers : 2,3,40nd 6
Blade section :  NACA 0012
Blade chord : 3 ins. (ccnstant)
Blade twist (linear from 0,2R to 1.0R)  : 7.5°
Blade Tips :  Standard
Swept
Trapezoidal

Each of these configurations is designated as  W(B) (tip shape) ( « ) where B is the

number of blades. The tip shape is abbreviated to STD (standard), SW (swept), and

TR (trapezoidal). The blade tip angle { a, ) is employed in the designation as it was

considered that this value might be more meaningful in noise data comparisons than the
usual performarc e parameter 8 0.75° In the present geometries, 3 0.75 15 2,67°

greater than a, in all cases. Thus, a W2STD8 is the 2-bladed configuration with
standard blade tips and a tip angle setting of 8°.
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While the above simple propeller geometries were designed to provide a basic model

for the study of aerodynomic and acoustic interdependent parameters, and subsequently

to provide an analytical foundation for noise prediction methods, the additional use of

a more realistic propeller in the whirl test program was consicered necessary to provide

a basic test on such derivations. For this purpose, noise measurements were conducted

for a 2-blade Sensenich W60LK 18 propeller (telescoped to 4 ft. diameter). The geometry
of this propeller is illustrated in figure 8, and was designed for operution at "zero" advance
ratic conditions at tip speed of Mt = 0.7.

The thrust and power estimates for each of the oropeller configurations tested are summarized
in Table 11, Blade loading distribution curves for the model propeller are shown in figure 9.

WIND TUNNEL TESTS

The test facilities employed in this program are described in detail in Appendix 1.

Briefly, the facility was a low-speed wind tunnel with a 10" x 30" cross section and

48" working section length, The inlet to the tunnal was modified by a honeycomb section
to reduce the free stream turbulence level to an order of less than 1%. The test program
indicated a level of 0.4% at a stream velocity of 150 fps,

The wake turbulence studies were conducted by installing a é~inch span, non-itwisted

blade on a cantilever mount at the tunnel wa!l, The turbulence and mean flow measure~
ments were obtained by traversing a hot wire anemometer probe across the blade wake at
various streamwise distances behind the blade. These traverses provided on-line plots

of the distribution of overall turbulence intensity and mean flow velocity along specified
coordinates in the tunnel arrangement. The test arrangement and coordinate convention
used in these studies are described by figure 10, Typical data ot tained are shown in

figure 11, and a complete summary of all significant data levels is compiled in Appendix II.
A one-third octave band spectrum of the wake turbulence is shown in figure 12. This
procedure was repeated for each of the blade tip shapes.

a. Wake Turbulence Definitions

An overall description of the turbulence field over various cross sections of the blade wake
was derived from the basic data by the formation of contour plots, as shown in figure 13,
Of immediate note is the significant difference between the three tip shape results, It

is apparent that the tropezoidal tip vortex diffuses more rapidly than that of the other
blades, which has been suggzsted in studies of helicopter rotor noise reduction (for
example Reference 29) as an explanation of reduced noise of blades with modified tips.

If tip vortex impingement occurs in the propelier case, then a noise reduction effect would
also be expected by the use of tapered tips. This is further investigated in the whirl test

program.

An extensive analysis of the turbuience iritensity measurements was carried out to determine
whether an analytical description of the turbulence field could be established in terms of
the blade geometry and wake coardinates, While it would be expected that such a de-
scription would depend on the mean flow velocity grodients through the shed wake and tip
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vortex regions, an adequate description of this could not be obiained from the cvailable
data. It was in fact found that the maximum streamwise component of turbulence intensity
can be simply related to the maximum mean flow defect, as demonstrated by the collepse
of data shown in figure 14, An adequate definition of this relationship has been found

tc be given by
~ Vi A ;Iz
( Y = W do[ 0 = UL (48)
U -
m

Reference to the tabulated data in Appendix Il shows that the maxima of the V component
of turbulence, that is, in the direction normal to the free stream and blade i-chord line,
are of equal intensity to the streamwise corponent U ., Further comparison of the data
obtained in the tip vortex region with that of the shed wake field indicates that the
maximum turbulence intensities are of the some order of magnitude at streamwise distarces
greater than one chord from the blade 4-chord line.

The above findings therefore allow an estimate to be mude of the maximum turbulence inten-
sity at any streamwise section of the blade wake, provided the local maximum mean flow
defact is known, For this, the work of Silverstein et al (Reference 27) is invaluable ond is
compared with the present experimental data. In the Silverstein studies the dynamic pressure
loss and downwash angles were examined for a number of airfoils, including a NACA 0012,
and the derived definition of the dynamic pressure loss was gi.en as

2.42¢ *
n=1 T -—r—e o {49)
where q is the local maximum dynamic pressure and 9 is the free strear value. Cﬁ| is
)

the profile drag coefficient at each Liade section and £ is the distance behind the trailing
edge, in chord lengths, In terms of the mean flow velocity, the dynamic pressure loss is
obviously

A comparison of this Silverstein expression with the present data is shown in figute 15 and
a close agreement is apparent for a profile drag coefficient of Cd = ,013 which corresponds
o
to the two dimensional coefficient of a NACA 0012 section at a blade angle of 8°
(Cd = ,014, Reference 28). It can therefore be assumed thot the wake defect of the
o
test blades is accurately represented by the Silverstein relationship, and consequentiy
the maximum turbulence level in the wake can be defined by combination of this expression
and the turbulence intensity relationship of equation (48).
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The definition of wake and tio vortex dimensions, and the diskribution of turbulence
over these dimensions, is of course important, and again recorse is made to Silverstein's
results, First, the thickness of the shed wake has been defined as

— _ wake width _ 3 = 3
{= Soog = 0.8 C, % (£+0.15) (50)

o

vhich is shown in figure 16to give close agreement to the present experimental data
where the shed wake thickness has been taken as th 2 dimension between the points of
deviation of the turbulence intensity from the free <tream level. The distribution of
turbuler.ce intensity across this dimension has peen found to differ from that obtained by
use of Silverstein's dynamic pressure profile. As the experin.antal profiles are of greater
level than the estimated profiles, the difference can be attributed to the additional
effect: of mean flow velocity gradient. A separation of effects has not been achieved in
the present analysis, and the following description of the wake turbulence distribution
has been found to provide a reasonably good agreement over the data range:

FANAA N O/ AN
T

where ? is the non-dimensional thickness at the wake coordinate considered,

Thus, for the shed wake, a detailed description of the turhulence intensity can be
derived from the above expressions,

Attempts to derive a similar description of the tip vortex turbulence scales in terms of the
mean flow defect and streamwise position have not been successful, Here, the approach
taken was to assume that the mean flow can be described in terms of the bound circulation
and hence the blade lift coefficient, by

= C, c
v _ L
U m

@

By then relating V to the mean flow detect, und describing - the vortex core radius
at which maximuin defect cccurs, in terms of CL and a streamwise coordinate, the

esseniic! information for order of magnitude estimates of turbuience intensity could be
derived from equation (48), which is shown in figure 14 to be valid for the I'> vortex data.
This problem obviously requires a more detailed investigation than that afforded by the
present prograr., A general review of the tip vortex experimental data, as tabulated in
Apperdix 11, indicates that for the standard-tip blade the muximum turbulence intensity

is of the same order as that in the shed wake. The maximum measured width of this turbu-
lence region is about twice the shed wake thickness, and the maximum intensity cccurs

on a radius of about 0.3 times the shed wake thickness.
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b. Blade Surface Pressure Measurements

The test arrangement for the blade pressure measurements is illustrated in figure 17,
As shown, three pressure transducers were installed in the blade surface, along the quarter
chord line, and one mounted at the half chord point. The upstream blade was mounted
to a tunnel wall fixture which allowed its vertical position, in a plane two chords distant
from the instrumented blade, to be adjusted such that it would present an impinging wake
to the instrumented blade or ke removed o the tunnel ceiling and present negligible

s influcnce on the tunnel free stream turbulence. These settings are referred to as “tandem”
and "single" blades, respectively. in each of the tandem blade tests, the upstream
blad2 position was adjusted until maximum pressure response was obtained at the instru-
mented blade transducers. Due to excessive instrumentation noise at frequencies below
400 Hz, the pressure transducer signals were 1/3 octave band analyzed in the range
400-20,000 Hz, and the overall level calculated from these band levels. Figure 18
presents these overall levels (referred to .0002 microbars) for each of the tronsducers
at each blade angle setting. The measurements shown for negative blade argles represent
the fluctuating pressures on the "suction" side of the blade, while those shown for positive
angles represent the fluctuating pressures on the "pressure" side. The one-third octave
spectra of the signals ~t zero and negative blade angles are presented in figure 19,

Pricr to employing these data in an analysis of the originating fields, it is extremely
important to consider the effect of transducer size {diameter) on the measured spectra,
While the microphone pressure response may be regarded as linear up to frequencies of

the order of 40 kHz, its response to c boundary layer field for example, is restricted to

a much lower frequency due to phase cancellation for small eddy dimensions, Many
studies of this effect have been reported, and from these the response shown in figure 20
is considered appropriate for the 1/8 inch diameter units employed in the present program,
The spectra shown in figure 19 will be in error by such an amount, which indicates that
the measured band levels above 4000 Hz are much lower than the actual levels.

The influence cf a turtuient boundary layer and impinging turbulence on the surface
pressures of an airfoil have been expressed in an analytical form in the preceding discussion
' ol noise generation theory, For the boundary layer case, the commonly employed empiricism

- -
| P =~ ,006 Yo

ms

] has been used to provide an order of magnitude estimate of the blade pressures. For the
case of impinging turbulence, a simplified form of the Sears solution to harmonic gust
loading has been adopted for the root mean square oscillatory lift per unit span. As
presented, this is a function of the steady liff and a reduced frequency parameter. If
pressures are considered, and the turbulence scale is approximated by |, = U/f
where f is the characteristic frequency, the Sears expression reduces to the simple form,

u

_ 1 U
Pems ——-1/2“_ 9o (Ucn>

(52)

for each side of the blade.
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First, considering the single blade data in terms of expected boundary layer and free
stream turbulence effects, an order of the frequency ranc2 at which boundary layer
pressures would be expected to be maximum is given by

_ 0.3V
R S

where the displaceraent thickness 6* can be taken approximately as 1/8 of the boundary
tayer thickness &, . Substitution of the appropriate tunnel flow velocity (U= 150 fps),
and taking the 1/2-chord point on the blade, Bies' expression (Reference 21) of the boundary
layer thickness

=0,2 X
— = 0,37R . 14

gives a frequency of 20 kHz for = turbulent boundary layer on an infinite length flat plate.
Comparing this with the measured blade pressure spectra would suggest that the high
frequency content (at f 4000 Hz) might be, in fact, due to the blade boundary layer.
The question as to whether transitior. to turbulent conditions has occurred on the blade

at such low Reynolds Numbers (Re = 107 ) is not 2asily answered due to the effects

of incident stream turbulence on the transition mechanism. Schlichting (Reference 30)
gives a critical Reynolds number of 3.5 x 107 as being a lower bound limit for a stream
turbulence level of 0,5% incident on a flat plate edge, but on airfoils at Reynolds

numbers ¢! 10° to 106, the laminar boundary layer has been known to separate and
reattach as a turbulent boundary layer.

Now, examining ihe nrassure levels obtained by measurement with those expected from
the simplified equations, the predicted ordes are 112 dB for boundary layer and 105 dB for
a 0.4% turbulence (reference pressure is .0002 microbar) which are certainly in the
range of the measured overall levels on the blades. However, due to the emphasis of
the spectra at the higher frequencies and the inherent microphone response errors, it is
more instructive to study band levels in the lower frequency regime. Taking the 630 Hz
one-third octave band because of its distinct differences in level for the single and
tandem blade cases, a comparison can be made of the possible causes of these differ-
ences. In this band, the tunnel free stream iurbulence was measured to be 24 dB less
than the overal! level of .004, This would give an estimated blade pressure band level
of 81 dB SPL, which is lewer than any of the measurements in that band. For the im-
pinging wake case, the overali le\ -l of impinging turbulence is given as .030 by the
earlier measurements and reference ‘o the spectra measured in the shed wake gives the
630 Hz band level as 19 dB down from the ovarall. Thus the expected pressure band
level for the tandem blade case would be about 102 dB, which agrees closely with the
measured data obtained under impinying wake conditions. Examination of the turbu-
lence scale at which this agreement is given shows a typical length of 1J/f equal to a
chord length. It may therefore be postulated that the applicability of the simplified

_ Sears function to the impinging turbulence case is verified for scales of this order. It

F- is interesting to note that if the Strouhal number of 0.1 is used, the typical dimension

: would become 0.1 chord, which for the present blades is also close to the blade thick-
1 ness. Further discussion of this is contained in Section IV of the report, where the
measured propeller noise spectra are reviewed for analytical representation.
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In summary, the simplified Sears function has been applied to the impinging wake
experimental data and found to provide a close estimate of the biade surface pressures
in the frequency region

f ~ Um/c

where c is the blade chord. The boundary layer expression cannot be verified from
the available data due to adverse microphone response characteristics at high frequencies.

PROPELLER NCISE MEASUREMENT PROGRAM

Q. Procedures

The whirl test facility used in this program was designed specifically for the purpose of
testing low speed propellers with minimum extraneous aerodynamic and noise effects,

The test stand design is illustrated in figure 21 and comprised a 12-foot high cylinder

ard strut arrangement which supported a 60 hp hydraulic motor and a horizental canti-
levered drive shaft to the propel er hub. A detailed desciiotion of this facility is pre-
sented in Appendix I. The design speed range of the system was 1339 to 3150 rpm,

which would allow tip speeds of a 4 ft. diameter propeiler in the range 0.2 < M' < 0.6.

Unfortunately, severe vibration problems imposed an upper limit of ML= 0.4.

As shown in Table I, noise measurements were obtained for model propeller configurations
with 2, 3, 4 and 6 blades at a blade tip angle setting of 8%, and for the two-blade set
with tip angle variations from -2 to 16°, In addition, the two- and four-blade config-
urations were tested with modified tip shapes. A further set of noise data was obtained
for a 2-blade, 4 ft. diameter Sensenich W60LK18 propeller. Typical hub-tlade assem-
blies aie shown in figure 22,

The main objective of this measurement program was to obtain a detailed definition of
the "vortex" nolse generated by propellers at low tip speed. and various blade loading
conditions. The noise measurements were therefore obtained on a radius of 12 ft,

{r/D = 3) from the propeller center, and in the forward quadrant only, on a horizoital
plane through the propeiler axis. For each of the configurations, ncise measurements
were recorded on magnetic tape for microphone azimuth locations of 0°, 30°, 60° and
90° relative to the forward axis. Additicnal measurements were made at 10° increments
for two of the propeller geomeiries, Each prope!ler was tested at rotational cpeeds of 1070,
1605 and 2140 rpm. During each noise data recording test, an ori-line 1/3 octave band
analysis was conducted on each microphone signal to provide immediate information on
the general characteristics of the noise field. Examples of these spectra, as obtained on
the propeller axis for 2-, 4- and 6-blade cases at M,» = 0.4, are shown in figure 23.

The spectrum obtained at the same cenditions for the Sensenich propeller is shown in
figure 24,




An attempt was made to obtain detailed spectral ciid cross-spectral blads pressure

data by installing five 1/8-inch diameter pressure transducers on the surface of one
blode of a four-blade test propeller. Details of the transducer signal transmission
arrangements are described in Appendix 1, The arrangement of the transducers on the
blade surface is shown in figure 25, As a preliminary test of the acquisition system,

the propeller blades were set at 0° tip angle and operated at each of the three rotational
speeds. The transducer signals were not recorded, but on-line aralyzed by a 1/3 octave
band spectrometer. The acquired spectra are presented in figure 25 for each of the
transducer signals at each test rotational speed. Attempts to obtain further recorded
data at different blade loading conditions were unsuccessfui due to the failure of the
transducer units. The remainder of the test program was concentrated in cbtaining rediated
noise data for the various propeller cases.

An immediate!y apparent anomaly in the 1/3 octave spectra, as illustrated in figure 23,
is the existence of predominantly high levels at frequencies in the raige of 10 kHz arnd
25 kHz. In some cases this high frequency content dictated the overall measured leve!
and an extensive effort was devoted to detecting the sourcu of these components, At
first these high frequencies were suspected to be due to extraneous effects such as an
overemphasis in th. microphone response characteristics or an excessive noise component
of the hydraulic drive system at loaded conditions. A microphone response probiem was
in fact discovered, and uccounted for the 25 kHz component and an overemphasis of the
10 kHz component. However it did not explain the predominantly high amplitude of
the 10 kHz component at 2140 rpm, Tests at the lower rotational speed showed that

the frequency varied directiy with speed, giving a predominant spectral component at

5 kHz in the low speed case. A narrow band analysis of this component (for the high
speed case) is shown in figure 27 and indicates discrete frequency characteristics which
do not follow a consistent harmonic relationship over the data range and could not be
associated with any test rig mechanisms. Hydraulic feed lines were insulated to prevent
noise radiation and the mutor assembly was checked for improper alignments. These had
no influence on the high frequency components. Attention was then focussed on the blade
assamblies to determine whether the source was due to a blade defect. Various changes
were made with no resultant effect. At this stage in the program it was decided to proceed
with the propeller noise measurements and defer a further analysis of the high frequency
components to a later phase when additional reduced data would be available,

b. Noise Data Analysis

A typical set of the acquired noise recordings was selected for preliminary detailed
spectrum analysis. These data were reduced by narrow (constant) bandwidth analysis and
are shown in figure 28 for the 2-blade propeller cases, at Mf= 0.4, with six different

blade angle settings. The bandwidth used in these cases was 25 Hz, which is approximately
one-third of the blade passage frequency. A corresponding spectrum cbtained for the
Sensenich propeller at the Mf= 0.4 condition is shown in figure 29,
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It is obvious from these spectra that the characteristic spectrai distributions given

by the broader 1/3 octave band analysic may be entirely due to harmonic content, rather
than the usually assumed random "vortex" noise. To separate the harmonic and broadband
components in each test record, a narrow band analysis is obviously recessary. However,
the magnitude of such a task in terms of analysis time precluded the further use of

constant bandwidth method for the enfire data quantity. Recourse was therefore made to

a 1% bandwidth analysis for the reriginder of the data records. The capability of 1%
bandwidth reduction to resolve up to fifty harmonics of a periodic signal was considered
adequate for present purposes, However, the capability ~f resolving the random noise
content of tlie data is restricted ard an examination of the innerent limitations was
conducted, First, the theoretical limitation was determined by deriving the ratio of

peak (rms) level to filter crossover level {+3 dB) using the known filter shape character-
istics. Second, a record with known harmonic and signal-to-noise content was analy zed
by the 1% bandwidth method. (The signal was first formed digitally, digital-to-analog
converted, and evaluated by a very narrow bandwidth analysis). It was found that these
methods provided essentiolly the some results, and a criterion for broadbord noise evaluation
in a harmonic record was developed and applied to each of the 1% analyzed data obtained
from the propeller noise records. Briefly, this criterion consists of a definition of the min-
imum signal-to~base level ratio of the analyzer, as a function of harmonic number, Only
data levels which were within this ratio (relative to the measured harmonic level) were
considered to be valid measurements of the random noise content of the oropeller noise
record, This procedure was applied to every 1% bandwidth spectrum outained in the
present program,

Typical examples of 1% bandwidth specira are shown in figure 30 for the on-axis noise

of the 3-, 4- and S-bladed test propellers at Mt= 0.4. To aid in the task of interpretive
study of the data, the noise spectral characteristics were categorized as harmonic and
broadband noise content, and tabulations of the data levels of each component were
compiled, as presented in Appendix II. The harmonic content was obtained directly from
the 1% bandwidth spectra. The broadband content was also obtained from the 1% analysis,
within the limitations described above, and converted to 1/3 octave band levels by a band-
width correction factor of

|
Af
2
where A f isthe bandwidth of a 1/3 octave (23.1% f) gnd Af is the effective
| 2

bandwidth of the analyzer (1.3% f),

Af
A (dB) = 10 log <—- >= 12.5 dB

c. Discussior of Test Results

This discussion covers the main features of the data acquired during the propeller noise
measurement program and of the characteristics apparent in the narrow band analyzed
data. A brief discussion is given of some characteristics of the spectra which are, at
the present time, essentially unexplained. In these, the significance was considered
to be outside the scope of tha present study and are included here as points of interest
to further investigations of propeller noise generation.
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(H High Frequency Nzise Content (5 kHz to 20 kHz)

The following characteristics of the high frequency noise have been determined by
examination of all test data:

{a) The effect is apparent in most records obtained for
the test propeller, but is not apparent in the Sensenich
propeller data.

(b) The center frequency varies linearly with rotational speed,
from 5 kHz ot Mf= 0.2 to 10 kHz at Mf= 0.4.

{c) The effect consists of a number of discrete frequency components,
as shown by the 1% bandwidth spectrum in figure 27, which
do not appear to follow a consistent harmonic relationship over
the entire data range. These frequencies could not be ossocmted
with any test rig mechanisms,

(d) The amplitude of these noise compenents varies ‘vith blade
number, blade tip angle, rotational speed and blade tip
shape, as shown in figures 31, (a) to (c). In particuiar,
the variance with blade tip angle is of significance and suggests
the origin might be related to a localized blade tip effect
which is strongest at low blade tip angles and diminishes
with increased angle. At zero tip angle the noise component
is not distinguishable in the 1% bandwidth spectra. The 16°
tip angle case can be regarded as a tip stall condition.

(e) The directivity of the noise is of the form shown in figure 31 (a),
with a maximum on the propeller axis and minimum in the plaue
of the propeller.

While the above observations suggest that the high frequency noise components were
generated by the test propeller rather than by exiraneous sources, the fact that the

effect was not observed in the Sensenich propeiler cases, and cannot be found in any

other reported propeller or helicopter noise data, leads to the conclusion that the mechanism
is related only to the particular test propeller design used in the present program. A more
detailed examination of the possible origins of the effect has therefore been omitted from the
scope of the current studies.

(2) Wind Gust Effects:

Ancther nroblem encountered in the data analyses and interpretive studies was due to a
variance of the noise level over the period of the noise record. In some cases this variance
could be attributed to wind qust effects al*though precaution had been taken to avoid such
conditions. A measure of this gust effect on the 2-blade and 6-blade propellers was obtained
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by taking a time history of the sound ievel in each 1/3 octave band and noting the
increase in level which cccurred between the steady and gust parts of the history. As
shown in figure 32, the increase occurs over a selective frequency band in the region of
relatively high order harmonics. A visual diselay of the noise signals on an oscilloscope
indicated that the change was distinctly related to the harmonic contenf. In fact, the
noise sounded very much like helicopter blade "slap" when the gusts oczurred. Again,
the immediate problem was to eliminate such effects from the data emploved in the inter-
pretive study and the above observations are only presented here as points of interest,
Under zero wind conditions, the lower order harmonics were cbserved to fluctuate rapidly
and while the overall effect was not distinctly noticeable in the auditory signature. the
effect on the narrow band analysis was a major point of concern. By repecied analysis

of a number of data cases it was established that the broadband content of the signai

was relatively steady under the zero wind conditions, but was influenced by gusts to about
the some degree as the harmonic content. All analysis datz empioyed in the interpretive
program was free from such effects.

d. Propeller Noise Characteristics

The most significant feature of the narrow band spectra obtained from the stotic test
program is the extent of the harmonic components present. Although the relative ampli-
tudes of harmonics have been known io decay at a slower rate than that predicted by

Gutin theory, and have been explained in principle by Lowson and Ollerhead (Reference 8)
and others for the case of harmonically loaded rotors of helicopters, the extension of the
propeller noise harmonics at almost constant amplitudes to an order of thirty or forty

has not been previously debated in any detail. The well known categorization of propeller
noise into "rotational" and "vortex" components may therefore be questioned at this time,
In most of the original studies of propeller noise, conducted many years ago when sophisti-
cated analysis equipment was not available, the usual approach to this categorization

wzs based on a resolution of the first four harmonics only and regarding the remainder of
the spectrum (in 1/3 octave or octave bands) as the vortex noise component. Comparison
of the 1/3 octave spectra of figures 23 and 24 with the narrow band spectra clearly illus-
trates the misinterpretation which may result from such categorization, A further division
of the harmonic content into 'rotational' and 'unsteady' components can be made, based

‘ on the theoretical analyses of the probiem. The "rotational" noise is defined as that

] harmonic noise content which resulis from the steady loads on the rotating blades as
defined by Gutin theory, while the "unsteady" noise originates from the harmonic content
of the unsteady blade load conditions. As is pointed out later, the mechanisms by which
these harmonic loads originate on propeller blades are not clearly understood, and consequently
recourse is made to the acoustic data to provide some knowledge of the loading amplitudes
and harmonic range. Similarly, the origins of the broadband noise can be regarded as the
random content of the unsteady blade loading, and may be best understood by examination
of the aeoustie data with the aid cf the theoretical expressions given in Seetion 11, Asis
explained in the derivation of the propeller noise theory, the sound measured at any point
in the radiation field is a complex summation of contributions from the various steady and
unsteady blade looding terms. The sound measured in o norrow frequency bord, centered




on a harmonic of the blade passuge frequency, contains contributions from a wide range
of frequencies in the blade lcading spectrum, except when the sound is measured on the
propeller axis. This exception provides a relatively simple solution to the whole complex
problem of understanding the unsteady loading terms. On the axis, the "steady load"
noise terms are zero, and the noise measured in a narrow frequency band is the result

of the unsteady biade loadings in that narrow band only. This applies equally to the
harmonic and broadband noise content, It is therefore clear that an interpretation of

the propeller noise data is best made by reference to the "on-~axis" spectra. To further
aid the interpretation, the broadband and harmonic content of the narrow band spectra
have peen extracted from the analysis data and are now discussed separately.

(1) Broadband Noise

The random noise content, which is the main topic of study in the present program is
presented in spectrum form, in figures 33 to 38, for each of the propeller configurations
examined, (These are presented from the tabulated data in Appendix I1.) Taking first
a general review of the data by comparison of the "overall" levels calculated from the
band levels, it is shown in figure 37 that the directivity of the noise is such that the
highest levels occur near the propeller axis, which agrees with the findings of all other
studies of "vortex"” noise. The dependency of the moise levels on blade velocity,

however, suggests a VA relationship rather than the expected sixth power law for dipole
sources. While this would suggest a monopole fype source no physical justification for
such an assumption can be made at this time. A detailed and thorough reexamination

of the basic noise records and the analyzed spectra was therefore conducted and a possible
source of error in the data has been attributed to extraneous test rig noise at the lowest
speed condition only. This comment is made with some reservation as the test rig was
carefully designed to preclude such effects and a detailed study of the rig noise was carried
out prior to commencement of the propeller test program. In certain data cases obtained at
Mf = 0.2, the basic noise records were recugnized as being significantly defective and

were immediately omitted from the interpretive analysis. Reference to the blade pressure
measurements obtained in the propeller test program provides  further clue to the actual
velocity dependence. As shown in figure 38, the overall mean square pressure calculated
from the data over the frequency band 400 Hz to 20 kHz for each of the propeller speeds

clearly indicated a U4 trend which, according to theory, provides a U6 law fer the
radiated noise. On these basic findings, it has been concluded that ti.« broadband data
obtained at the lowest propeller speed is erroneous and thai the general interpretation

of the data should be referred to the higher speed cases which contain a clear definition
of the propeller-generated broadband noise. The dependency of the noise level on blade
loading conditions is illustrated in figures 37 (b) and (d). In figure 37 (b) the effect of
blade number is shown for the cases in which the test prope!ler was changed only by the
nddition of blades. It is seen that, with the exception of the 6-blade case, this depen-
dency is of the form,




which can, of course, be ¢ combination of thrust and blade area effects. The data
shown in figure 37(d) illustrates the thrust loading effect as obtained by operating the

2-bladed test propeller at various tip angle settings from a = 0° to 16°, Here,

the dependency is not immediately obvious. As discussed in the next section, this can
probably be attribeted to the increasing significance of wake impingement at low thrust
coefficients. From the availabie data the dependency can be vpproximated as

2 _ 2
P CT

with the understanding that a divergence occurs at very low thrust coefficients.

In combining these results, the dependency of C_ on biade number (i.e., CT ~ \’ B)is

used, Thus T
p? ~ c}" &
becomes = C.I? BB (from ti.e fixed B result)
and ~ BB+] (by substitution of CT~ JB—)
~ B~2 (from variable B (and CT) result)

Thus the combined result for the broadband noise dependency is given by a=2, 8=-3,
i.e.,

p? ~ cT2 g3 (53)

for the test propellers with constant area per blade. A closer examination of the depen-
dency of the blade area effects is conducted in Section IV, where a complete empirical
analysis is preseasted,

The spectral features of the broadband ncise are distinctly similar in all cases, with
the spectral maxima occurring at frequencies directly proportional to the blade tip
velocity. It would therefore appear appropriate to define a "universal" shape factor

f | for the spectral distribution of the broadband noise and to relate the center frequency
to some scale length by the well established Strouhal number dependency. This is also
E further discussed in thc next section.

The effect of blade tip shape on the broadband noise spectra can be examined by comparison
of the data tabulated in Appendix II. In the 2-blade configurations, the tip shape had no
apparent influence on the spectral levels. Some differences of noise data are noticeable

in the 4-blade propeller test results. These differences are summarized as follow
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° The swept-tip data shows an increase of the order of 3 dB for the
on-axis noise, and 4 to 5 dB for azimuths of 30° and 60° (relative
to the standard-tip noise data).

° The trapezoidal-tip data shows no change in the on-axis noise levels,
but a 2 to 3 dB reduction is apparent at other azimuthal stations
(again relative to the standard~tip noise data).

(2) Harmonic Noise

As already noted, the significance of the harmonic noise content in the measured spectra
extends to much higher orders than would be previously expected, and again a discussion
of the general characteristics of the data is best made by reference to the on-axis data
which should, in theory, contain only the unsteady loading contributions at corresponding
harmonics. A clear indication of the general form of the spectral envelopes is given by
the narrow band aralyses of figures 28 to 30. In particular, figures 28(a) to (f) for the
two-blade propeller cases indicate that the 2nvelope of the lower order harmonics varies in
form from case to case, but the harmonic decay rate and the harmonic order at which the
decay commences is relatively uniform for these cases. In fact, by plotting the harmenic
levels against harmonic number (m), as shown in figures 39 to 40, the characteristic
envelope of most of the data cases can be represented by a constant level (independent of
harmonic number) up to a transition point, and for higher orders "y

2 2 -k
= mB
Pmg = P, (mB)
where p? s the envelope maximum and k  is a decay exponent. The variance of
k  with thrust coefficient and blade tip velocity is shown in figure 41. It is apparent
that although some dependency on these parameters exists, the differences in the present
data range are negligible in terms of the overall noise signature.

Of greatest significance to the propeller noise problem is, of course, the maximum level

of the harmonic envelope and its relationship to design and operating parameters. A full
discussion of this is contained in the following section where empirical relationships are
derived as a basis for the noise prediction theory. In the present context of general obser-
vations, the characteristics shown in figure 42 are typical of the trends over the complete
data range. The directivity of the data is generally such that the maximum harmonic level
in the forward hemisphere occurs near the axis. This is obviously complicated by the steady
(Gutin) load components at off-axis positions. A. consistent dependence on blade number

is not apparent, except that, as in the broadhand noise data, the six-blade case level tends
to be higher than the general trend. It is therefore assumed that, with the latter exception
noted, the harmonic envelope level is independent of blade number (8) in cases where the
only change in the propeiler is the addition ot identical blades. From figure 42(d) the
variation with CT is notable, except at very low CT’ as:

2 2 -
po CT (for B=2)
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The above observations can be interrelated through the CT ~ JB dependence (as in

the broadband noise discussion) to give

4

P: ~ C3/8 (54)

for the harmonic envelone level.

Further examination of blade number and solidity dependgnce is presented later. The velocity
dependence of the harmonic data has been found to be U® in almost all cases, as is to be

expected,

An assessment of the influence of blade tip shape on the harmonic no’se components has not
been possible in the available data, due to the large fluctuation of the lower order harmonics

during a record history.
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SECTION v
CORRELATIOIN OF THEORY AND EXPERIMEMNT

In this cection the analytical and experimentai results presented in Sections Il and 111

are employed to determine the dependencies of the rotating source characteristics

upon the propeller geometry and performance parometers. The experimental mecsure-
ments have made it clear that both harmonic and random components of the noise are

of the same order of magnitude to very high frequencies and it is clearly necessary to
consider both components in this analysis. To do so it is assumed that the two are indeed
separable and the observed acoustic spectra reflect the combination of discrete frequency
spikes and continuously distributed random energy. This is convenient from both analytical
and physical points of view but it would be equally valid to regard this as the radiation
frem a randomly modulated hammonic source, i.e. one whose spectrum is not an ideal set
of spikes but a series of narrow bands of noise. For present purposes, the harmonic and
broadband components ai 2 examined separately.

BROADBAND NOISE RADIATION

The two unknowns in equation (46} are wp(f), the power spectral density of the random
differential pressure fluctuations acting on the blades, and Ac, their correlation area.

Both quantities are "effective" values which relate to the concentrated loads assumpticn,
Some information ubout the magnitude of the surface pressure fluctuations can be obtained
from the measured data presented in figure 26. Unfortunately, its applicability is restricted
for two reasons: Firstly, the spectra are defined in 1/3 octave bandwidths which are in-
adequate to resolve the harmonic and broadband components except at very low frequencies;
and secondly, because of finite transducer size, measurement errors may be expected to
increase fairly rapidly at frequencies above about 4000 Hz,

Thus the main source of guidance must be the noise measurements themselves, and
detailed analysis of oll available records obtained for the 8 = 0° (axial) location
suggests that the broadband spactrum level rises from low frequencies and decays at
high frequencies at a rate of about 9 dB for octave (the corresponding rates for 1/3
octave band levels being +12 and -6 dB per octave, respectively). An appropriate
function which exhibits this characteristic is:

wf) ~ —F

3 (59)
(F 2+ %)

The center frequency fc , at which the spectrum level peaks, may be expected to vary

with speed according to the Strouhal relationship

f=Ng W/d (56)
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where U is a typical velocity and d is a typical blade dimension relatad to its turbulence
generating characteristics, The projected thickness cf the blade (i.e. a frontal thickness
corrected for angle of attack) is frequenily used for this purpose, but in the absence of
firm experimental support for this choice there seems little point for the moment in utirg
anything more elaborate than the chord dimension c. The spectrum shape defined above
was fittad to euch set of measured data to obtain the approximate values for fc listed in

Table IV and figure 43 shows a coliapse of the non-dimensional frequency fcc/ U, plotted

against the blade thrust coefficient CT . The plot shows a slight trend toward lower
L
frequencies as CT (and whence angle of atteck) is increased but the data scatter is rather
b
high. The average value of the Strouhal Number (NS = fc q‘U?) is 0.85.

The acoustic spectrum measured on the axis is the product of the transfer function (itself
proportional to frequency squared) and the effective blade loading spectrum. The effective
ioading spectrum thus has a spectrum proportional to

(f 2, f2)3
c

which in turn is a product of the effective mean square pressure spectrum and the frequency
dependince of the correlation area. Without measurements of one or the other of these
quantities we must resort to hypothesis to discriminate between them. In this choice we
may be guided by the well established laws for jet flows and turbulent boundary layers that
typical correlation lengths vary inversely as frequency. Thus for the propeller case we may
assume that, for hig!. frequencies at least, the correlation area Ac is inversely proportional

to the square of frequency. However, Ac cannot grow in size indefinitely with a reduction

in frequency since it must be limited by the physical dimensions of the blade. The spanwise
correlation lenyth is also limited in effect by the fact that although the total blade area was
introduced in equation (46) to represent the spanwise integration, the inboard blade sections
will be very ineffective acoustically because of the Ub law. Indeed, since this law suggests
that the outer 35% of the blade generates 95 % of the noise, it is more appropriate to use
an "effective" blade area Ao in equation (46) which is around 40% of the total blade area.

Thus at low frequencies the correlation area will se independent of frequency. At inter-
mediate frequencies an inverse frequency (f”') dep:ndence may be anticipated. Mainly
for convenience of calculation the following formula for the correlation area has been
assumed:

A= Ao/l (/)2 (58)

which leaves a pressure squared spectrum of the form

2f 2§
fy = P
wp()

— (39)
(fcz I f2)2
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Here the nomalizing constont of 2fc has been intraduced to ensure that the spectrum inte~
grates over frecuency to unity. P2 is thys the effective mean square differential pressure
octing on the blade. -

The conveitience of the above formula may be sezn bys ubstituting them into equation (46)-
and perferming the integration for the mean square acoustic pressure on the axis

Miaula Acicail i

fe o)
2 = (f) df
Pe___o WP (f)
to yield
] = A A Ng u: p2
p2 = 2 (60)
6=0 8c? r" a:

——

As confirmed experimentally in Section IlI, the mean square surface pressure, P2, is

proportional to Ut4 and can thus be written in the form

s 2
P = (Pg)? (3o, U?)

Consequently, equation (60) can be written as

:" — kU
f.‘ p? = —r%f‘i- (61)

|

where K may be expected to be a function of the particular flow conditions. dubbard
(Reference 4) collapsed propeller vortex noise data and found K to be 4.5 10" for g
distance of 300 ft. However, numerous investigators (References 5, 7 and 31) have found
that for helicopter rotors at least, K is proportional to the blade thrust coefficient CT 2
b
implying that blade load fluctuations are proportional to meair thrust, Attempts to collapse
the data of Section III according to the same laws left a high degree of scatter and a search
was made for a more appropriate function, This yielded the result

2
‘, “, UufA
4 p? ~ | (62)

B r2?

|

where B is the number of blade:. The data collapse is shown in figure 44 as a plot of
U

OASPI.B - 60 log <TO_E)> - 10 log Ab against CTb /\’ B and although the scatter

is still fairly high this is the best achieved. The low speed data were omitted from this collapse
for reasons discussed in Section III. It should be noted that only data for blade pitch angles
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of 8° and above are included in these plots. The lower pitch data have been omitted
because of the uncariainty regarding the thrust coefficien?s at low angles of attack.

Aiso, the data depart from the thrust-squared deperidency ct these low angles as shown

by the data presented in Section 111, figure 37, This effect was also demonstrated by
Widnall (Reference 31), who collapsed helicopter noise data against blade thrust coefficient
to show a distinct levelling-out and increase of roise level for blade thrust coefficienis

less than about 0,2, This is attriouted to the interaction between blades and the wokes

from preceding blades and the fact tha! at low incidence angles the pressure fluctuations are
probably more dependent upon drag coefticient than thrust coefficient.

Based on the line fitted through the experimental points in figure 44, and using an
"effective” blade area of 0.4 Ab’ it is found that

(P/q,).’! Ao/lcz S iXB‘0-4 (CTb)2 (63)

This relationship is probably valid for C../ \I B > 0.1, underestimating the pressure

fluctuation at lower values for reasons mentioned above.
HARMUNIC NOISE RADIATION

It is apparent from the results presented in Sectior. 111 that the problems of broadband
radiation may perhaps be of academic interest from the standpoirt of quiet aircraft

design since in practically al! configurations, the discrete components of the harmonic
noise were of equal importance in the scecirum te very high frequencies. At low fre-
quencies, the relative subjective importance of harmonic and broadband noise radiation

is a function of the critical bandwidth of the hearing system and ideally the two components
should be analyzed independently using critical filter bandwidths. The dimensions of the
critical bands ot low frequencies are open to question (Reference 32); however, there is
little doubt that harmonic noise is predominant in that region anyway. At higher frequencies,
when the critical bandwidth is greater than the fundamental blade passage frequency (i.e.
the interharmonic spacing), it is appropriate to measure both components with a bandwidth
equal to the blade passage frequency. Using this criterion it is found that the harmonic
noise exceeds the broadband noise at frequencies up to the region of f and remains of the
same order at higher frequencies. ¢

This is totally inconsistent with the Gutin analysis, which, for blade tip Mach nu.nbers of
only 0.4, predicts a rapid roll-off of harmonic level with frequency, and of course, no
radiation along the uxis. Tha fact that the axially radiated roise exhibited as much harmonic
noise as the off-axis noise is a clear indication of the existence of harmonic airloads acting
on the blades. The noise radiation by these loads can be treated analytically using equation
(35), but again the problem arises of how to estimate the magnitude of the loads.

Since no narrow band analyses of the blade surface pressures were made, the best clue to

this is again the axially radiated noise signature. A detailed examination of the 1% analyses
revealed that up to 50 or 60 individual hormonics of the blade passage frequency could
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frequently be identified and that, on average, the harmonic levels did not decrease
until mB exceeded 30 to 40. Harmonics higher than this decayed at rates between 6

and 12 dB per octave with the higher rates corresponding to the higher speeds. In fact
the average value, namely 9 dB per octave, is consistent with decay rates observed for
helicopters, Remembering that the dipole sound radiates as frequency squared, the

corresponding effective airload harmonics decay at mB-z's. However, unlike the
helicopter cases stidied in Reference 8 , the harmonics level off at low frequency.

On average then, the acoustic harmonics correspond to a spectrum function of the form

Py =P}/ 1+@n ) (64)

n

where n is a harmonic number based on the disc frequency. Note that only the values
r:= mB exist for any propeller. The critical value n.s which is found to be about 36,

on average, marks the frequency at which the spectrum rolls off to a slope of -9 dB per
octave, Equation (35), for harmonic radiation, can be written for the axial case as
n2f 2
2 = 0 T2 65
P, el (65)
0
where Tn is the rms value of the n-th harmonic thrust fluctuation. Thus, from equation (44),

T“2 must have the form

T2
T2 = 1 (66)
= n? :l+ (rg/n(z)3

where T.l is the value for the first harmonic. Frequencies are always proportional to the

disc frequency (f°= Uf/21rR), sothat equation (65) can be writien in the form

p? = K u: ClA (67)

That is, harmonic noise should be proportional to disc area, rather thon blade area.
Experimental levels for the axially radiated harmonic noise were obtcined as the average low
frequency level in each case and normalized by subtracting the term 60 log Ut (since A is
constant for the propellers studied). Again, substantial scatter was encountered when this
level was plotted ogainst C.., and in analogy with the broadband result, CT/\’ B yielded

o better collapse. This is shown in figure 45, where the low speed cases have this time been
retained (see Section III).




Te line (through the dat points) which is proportional to LT2’B gives the result

T
0 B

Thus the amplitude of the f'uctuahng loads relative to the steady thrust T cppears to
daciaase with blade number.

THE ORIGINS OF THE FLUCTUATING AIRLOADS

Equations (63} and (68) give the magnitudes of the effective hemonic and fluctuating
airloads which act upon the blades. Both are proportional to the ratio of the steady
forces divided by the square root of the number of blades, However, the harmonic loads
are proportional to the total disc area whereas the random loads vary as the: total blade
area. This is because the frequencies of the random fluctuations are dependent on the
blade chord dimension and the harmonic frequencies are related to the propeller diameter
{for given tip speeds). At high frequencues the empirical spectral shapes adopted for

the two components converge (on f~3) so that there is a constant (decibel) difference
between the two. This difference can be calculated from the results of the previous
section to be

n
f Af
SPLH SPLB 1+10 Ioglo o +30 oglo ( = f¢> 0 Ioglo fc (69)

where o is the propeller solidity and Afis the bandwidth with which the random level is
measured, Using the Strouhal relationship for fc’ remembering that f = nfﬁ and that for

equivalence of the two component levels Af = fo , and putting n = 36 gives the result

_ oc?
SPL,, - SPLy = 10 |ugw< ) +33 (70)

for f >> fc, n>>n_. Thus for the fypical values o = ¢/R= 0.1 the harmonic noise

exceeds the broadband noise by 3dB at high frequencies.

This result, however, is based upon the empirical evidence of a limited quantity of data
which has been constrained to fit the requirements of formal acoustic theory. It must

be recognized that experiment-'ly, the division between harmoric and broadband energy
is not a clear one and slightly different interpretations of the boundaries could produce
very different end results. All the measured spectra showed similar characteristics

and particularly a gradual merging of the harmonic and broadband spectra. The empirical
harmonic spectrum shape adopted is based on those harmonic levels which could be distin~
guished from the random background. This process becomes increasingly error prone at
higher freauencies and there is a risk of mistaking random level fluctuations for harmonic
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spikes. On the other hand, most data were obtained from constant percentage bandwidth
anaiysis where, for equal power spectra, the harmonic levels fall off ot 3 dB per octeve
relative to random energy with increasing frequency so that mistaken identity would have
resulted in different frequency exponents in the two spectrum formulae.

Also, tha fact thet the two components behave similarly at higher frequencies is not
surprising since it is to be expected that the hormonic and random pressure fluctuations
have related origins, origins which are of course identical from the viewpoint that the
observad spectra are indeed series of narrowband components whose center frequencies
are harmonically related. This will be discussed later. Attention will firstly be confined
to the broadband con:;2nent.

d. Random Pressure Fluctuations

Equation (63) provides an estimate of the product (P/qt) Ao/cz, where P is an effective

rms differential pressure amplitude. For o 4-blade propeller operating at a blade thrust
coefficient of 0.3 this yields

(/q) A /c* = 0.9x107° )

The propeller blade surface pressure measurements presented in Section III show that for the
4-blade, zero angle of attack case, the rms surface pressure fluctuction, Ps , was of the

osder 0.012q (both quaatities measured at the 85% radial station). The acoustic data clearly

show a reduction of level for finite pitch angles and on the basis of the two-blade results, it

may be assumed that ot a blade thrust coefficient of approximately 0.3, the levels wouid be

some 5 dB less. Thus we may estimate that for CT = 0.3, Ps/q & ,007. Remembering that
b

the differential pressure, P, will be nearly twice the surface pressure (in the frequency range

of interest) and referring pressures to the tip dynamic pressure q,, we obtain

4 q, = 0.009 from the surface pressure measurements.

This may be compared with a value derived from the czoustic data as fol lows, The
constant Ao is the correlation area at the center frequency fc where it may be assumed

that the chordwise correlation length | c is of the order of the chord. The lateral correlation
length is probably somewhat !ess than this, say 0.3 ¢, so that Ao/c2= 0.3. Thus, for 4

blades and CT = 0,3, equation (71) indicates that
b

P/ q = C.0055 to explain the observed noise

This is a liitle less than the value derived above and suggests that the measured surface
pressure fluctuations were not typical of the entire outboard region of the blade, but were
perhaps representative of the tip region only. However, in the light of the various assumptions
made, it is obviously not possible to place a great deal of confidence in this statement and it
should perhaps be remarked that the two values are in good agreement.
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The two results do | “wever provide an indication of the likely range of the fluctuating
pressure magnitud- , suggesting that the rondom noise could equally well emanate
from small regions of high level pressure disturbance or larger regiors of smaller
pressure fluctuations,

The turbulent boundary layer would of course be extended over a large region of the blade
and could be expected to exert pressures of the order Ps/'q s 0.01 or more on the blade

3 surface. On the other hand, the turbulence scale is small with correlation lencths
typically rather less than the blade thickness so that (P/q')2 Ao/c2 is unlikely to exceed

10-6 for the boundary layer case. At the some time it must be admitted that very little
is known about the behavior of propeller cnd rotor boundary iayers and such phenomena
as oscillating transition points and separated flows could very easily add a further 10 d8
to this value. Thus although the turbulent boundary layer is unlikely to be a major
contributor to propeller broadband noise radiation, it cannot be ruled out entirery.

To give the same result as Sharland's expression for vortex shedding noise at a Reynolds

Nuinber of 106, eauaticn (60} would require a value for (P/q)2 AO/C2 of 0.2 x 10-4,

which is in the middie of the range given by equation (63) for practical blade thrust
coefficients. If Sharlond's equation is realistic, then vurtex shedding is a likely
source of measured rundom noise radiation.*

Equation (19), which is a modified form of the Sears function describing airfoil response to
fluctuating inflow velocities can be rewritten in the form

(P/q) =42 wU

where u is the ms velocity fluctuation in the crossflow direction. Assuming a correlation
area of 0.3 c¢2, this result shows that flow turbulence levels of only 0.1% would be suffi-

1 cient to explcin typical broadband noise levels. Data preseniad in Section 111 shows that

E levels well in excess of 1% are encountered in the shed and trailing airfoil wakes which
certainly explains the sharp increase of noise radiation observed at law thrust coefficients
where direct blade/wake impingement occurs. Even when impingement does not occur, it

is tc. be expected that turbulence levels as low as 0.1% will extend for considerable distance
beyond ihe measurable wake boundaries, and cause significant noise radiation, essecially

in the static thrust case.

In summary, it would seem that the cttached turbulent boundary layer, although a possible
contributor /o broadbond noise radiation, is the least likely of the sources considered.
Separated flows near the blade extremities are far more likely to be responsible ior the
observed random acoustic energy. The vortex shedding mechanism appears to fit the
observed data, but the basis for the calculations are unverified.* Stream turbulence,

*  See later comments in Section V.3.e.
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is alse a likely source on the basis of the studies performed. On the basis of Sears*
function, extremely small turbulence levels would account for the noise radiation and fhe
wind tunnel experiments substantiate a correlation between measured surface pressure
fluctuations and upstream turbulence levels.

The reason why the relative pressure fluctuations should diminish as the number of blades
is increased is not clear, but does lend further support to the conclusion that stream tur-
bulence may be a predominant source of noise. This is because both the boundary layer
and vortex shedding processes should be unaffected by blade number. On the other hand,
upstream turbulence levels will be highly dependent upon the propeller configuration; an
increased blade number, for example, means a reduced blade~to-blade spacing and a
corresponding increase in turbulence scale. This in turn could imply a trend foward less
efficient, higher frequency radiation. The fact that the hammonic noise measurements
yield the same blade number trend also points toward a dependency on gross propeller
geometry.

b. Harmonic Pressure Fluctuations

The existence of periodic airloads on an axial flow propeller is difficult to explain in
the absence of flow disturbance or other interference effects. However, that these
loads exist, there is little doubt, both from the results of the present study and

other measurements of propeller and rotor noise. Although the Gutin theory predicts
the first few harmonics of "rotational" noise reasonably accurately for high tip speeds
and positions immediately behind the disc plane where the sieady source terms peak,

it badly underestimates harmonic levels in all other situations. Helicopter blades were
thought to suffer from high harmonic airloads because of forward flight asymmetry, but
a study of experimental data (e.g. References 33and 36) shows that the loads are
equally great in hover conditions. Lowson and Ollerhead showed that good correlation
could be obtained with helicopter main rotor data if the harmonic airloads were assumed
equal to the steady forces divided by the 2.5-th power of the harmonic number. For

B =4, equation (68) gives, for the high frequencies when n >> n_

T
LU
7

0 n

4,3
2,5

(72)

which is 12,5 dB greater than the helicopter result. At lower frequencies of course the
levels are substantially lower,

In the present tests every effort was made to ensure that the propeller was free from
aerodynamic interference and the possibility that the harmonic noise is caused by

periodic disturbances of the inflow must be discounted. Three possible sources suggest
themselves: Tne first is that the wake from each blade cscillates in some periodic manner
causing periodic angle of attack variation on the following blade. This seems un!ikely.
The second is that the blades are vibrating in one or several possible modes causing sympa-
thetic airload fluctuations. This is a strong possibility since very smal! vibration amplitudes
could cause the pressure fluctuations responsible for the noise. The third possibility is that
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blade-to-blade corralation of the fluctuaiing pressu-es couses selective amplification

of random energy at multiples of the blade passage frecuency. This phenomenon would
explain directly the cbserved narrow band characteristics of the radiated nuise. If the
random pressure fluctuations are indeed largely attributable to upstream flow disturbances
caused by preceding blades, then a strong interblade coupling must be expzcted,

A final word may be addressed at the significant effect of wind gusts on both harmonic and
broadband noise levels. Gust velocities of just a few feet per second were sufficient to
increase levels in certain regions of the spectrum by 10 dB and more. This strongly suggests
that wake impingements or instabilities play a major role in the noise generation process.
The effect of such velocity perturbations could have only a very minor effect on the "se!f
induced” pressure fluctuations due to boundary layers an’ vortex skedding, whereas slight
movements of incoming vortices could result in major changes to the sxternally induced
pressures. This would of course be especially true if the disturbance made the difference
between impingement or non-impingement of a vortex wake.

PREDICTION OF PROPELLER NO;%E RADIATION

The empirically derived loading functions (58), (U9), (63), (66) and (€8), have been used to
compute the noise radiation patterns according to the theoretical results (46) cnd (35) using
the computational approximations discussed in Section Il.4.c. The computed spectra, both
broadband and harmonic, are compared with the experimental results in figures 33 through
40. With a small number of exceptions, the agreement is considercd to be acceptable ard
sufficient to allow the methods to be used for propeller noise tradeoff studies with some
confidence provided the {imitation of the analysis are recognized.

These limitations are of course concerned with the range of validity of the empirica!
loading functions (59) and (66). This can only be determined by experimental validation
and the authcrs would certainly not recommend unwarranted use above tip Mach Numbers
of say 0.5 to U.6. However, the most serious practical restriction is the unknown effect
of axial velocity. The present data, like most available propeller noise measurements,
were obtained in static thrust conditions where the inflow velocities are relatively low.
it is considered that most evidence examined supports the contention that in this static
case at least the stream turbulence deposited by the blades themselves is largely respon-
sible for both harmonic and broadband noise radiation, In f-rward flight, the entire flow
pattern is radically changed and significant acoustic changes are likely to result.

However, since the vortex shedding and boundary layer mechanisms could aiso be respon~
sible for substantial broadband noise radiation it is unlikely that the random component
would be markedly reduced. On the other hand, the sharply increased axial flow velo-
cities will practically eliminate blade~to-blade wake interactions, considerably reducing
harmonic noise caused by flow disturbances. Only if biade vibration is significant would
the higher harmonic noise levels remain high. From a practical standpoint of course the
broadband noise wi'l maintain significant spectrum levels at mid to high frequencies and

49




TR ST

‘N

the steady blade forces would continue to radiate the lower harmonics at angles eway from
the axis. Along the axis of rotation, however, the lower harmonic radiation could be
shorply reduced relative to static thust conditions and this would encompass a frequency
range of critical importance to the aural detection problem, at least for low flying air-
craft.

These are questions which must be answered by future research. For the present, the
following recommendations are made relative: to the problem of propeller noise
prediction:

(a) That the methods described be used for calculating the noise of
static propellers in the tip speed range M= 1).2 t0 0.5, Thei
applicability for propellers with higher tip speeds requires experimental
verification,

(b) That the methods described be used with the same tip-speed
restrictions for forward flight configurations on the under-
standing that levels might be overestimated, especially for
the harmonic components and especially near the propeller
axis. The acoustic effects of forward speed must be accounted
for if necessary (see the nexi Section).

Generalized theoretical results have been condensed into a convenient form for manual
calculation in Appendix Ill, Graphs and charts are provided, together with complete

instructions for their use, which will provide results rapidly and to within 2 dB of the

accuracy obtainable from the numerical methods described previously.

EFFECTS OF FORWARD SPEED

The theoretical results derived in Section Il apply to the case of a static propeller.

In forward flight, two effects modify the radiated noise. The first, an aerodynamic one,
is caused by the change of propeller operating conditions which changes the thrust-to-
sorque ratio and the flow pattern through the disc. As discussed previously, the detniled
effects of the flow changes cannot be predicted and further experimental work is necessary
to resolve this question. The gross effects of the modified T/D ratio is, of course, ecsily
accounted for. The second effect is an acoustic one and is a further result of the Doppler
effect which causes an amplification of forword radiated sound and a change of frequency
heard by a stationary observer, The amplification can be calculated by substituting the

term 0 ( 1- Mo cos 0 ) for the hub to observer distance o wherever it appears in the
acoustic equations. The Mach Number, Mo , is the velocity with which the propeller

moves along its axis of rotation and 8 is the angle between this axis and the observer,
at the source time 7. The source time now takes on added significance because during
the time it takes the sound to reach the observer, the propeller itself has moved forward
a distance MO r / o -
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The distance transformation can be seen by reference to the well known results of
Carrick and Watkins (Reference 34), who showed that 7or a propeller, the movina source
version of the Gutin equation is

rQ x'\ 1 Do nMy
S| = rﬂao_s{To(Mo+?)E;--M—}Jn(s ) (73)
- where s=r -Mx; x'=x=-Mr ; 82=1=M2
1 0 6 1 0
These substitutions give the result
1 D
_ nQ ( x'o 0 an
'Cn - 27ma (r -M x) ir -Mx M Jn r =M x (74)
0 1 0 1 0 1 0

Putting x/r = cos® and yR =sin 0, the Gutin equation (73) can be written
xT D )
0 .2 ATy
rl M ‘ Jn( rl > (75)

It may be seen that equation (74) is identical to (75), with rl replaced by r - Mox/rl .

nQ

I nl E 27!'c0rl

The square brackets indicate evaluation at the source time. Thus, if primes are used to
denote quantities evaluated at the observer time, (so that r' and ©' are the source-to—
observer coordinates at time t ), the source coordinates r and © can be readily calculated
from the sketch below, which shows the source positions s' and ¢ corresponding to the
observer and source times.

L. X -

el

If At isthe time of transmission along S, v then

aoz At? = x2+y2

or

of Af? = (x+ M, Ar)+y?
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whence

M0 x' + J x'?+y? (I-M;r

At = (76)
. ( I-M"')
0 0

(I-Mz)tane'
= tan™ 4 = = (77)
l+MoJi+(l-Mo )tan@
and

M +{1+ (1~M’)fan’e'

r=rcos0' 4 : (78)

1-m2
0

Equations (77) and (78) are the "retarded coordinates” which must be used to calculate the
scund field relative to the instantaneous source position,

It should be noted that when © is small, i.e., for locations near the axis, equation (78)
gives

which almost exactly cancels the Doppler amplification factor accounted for by multiplying
r by (l - Mo cos © ) . Thus, to a first approximation the sound field relative to the

instantaneous source position is equal to the static field. This is shown in figure 46(a)
which shows the computed effect of axial Mach Number up to 0.3. On the positive x axis,
the effect is of course zero, whereas the maximum changes may be observed in the plane of

rotation. The rotational Mach Number in this example is 0.5 and the overall random noise
level is plotted. This figure demonstrates the magnitude of the acoustic (Doppler) effect
only and the additional change caused by realistic modifications to the thrust to torque

ratio may be found in figure 46(b), where the blade pitch angle has been varied to .naintain
the same normal force (the slight level reduction on the forward axis is due to a reduction in
the thrust component). Again the effects on overall levels are small, illustrating the rela-
tively insignificant role of the torque component which is negligible except at positions near
to the disc »lane.

In summary, it seems that for low forward speeds, it will normally be sufficiently accurate,
for practical purposes, to calculate the sound field relative to the instantaneous position
of a moving propeller using a static acoustic analysis, but using the thrust and torque loads
which occur in forward fiight.
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DESIGN REQUIREMENTS FOR A QUIET PROPELLER
The harmonic radiation is given by the proportionality

f2T12
2 0 0

The spectrum fevel which controls the subjective attributes of the sound is proportional to

a/ fo . Therefore, for a given propeller thrust it is necessary to minimize the ratio

fo/B where fo = Ut/27rR.

The broadband radiation can be defined

2 b S 2 (4 2
= — U P
pB a?r? 2 Po "t (/)
0 1
e U: /B Ab for a given thrust

Thus to minimize the total acoustic radiation it is necessary to minimize the tip speed U,
and maximize the radius R, the blade area Ab’ and the number of blades B. However,

these steps all result in a reduction of the disc and blade thrust coefficients and, as we
have seen, can only be reduced to a certain critical level before an increase in noise
results due to direct wake impingement. A tentatative lower limit for CT is between

0.07 4/ Band 0.1 4/B. b

The operating Reynolds number range of low-speed, quiet propeller designs will tend to be
in the critical range of 10? to 10° , where boundary layer instability effects may be the
cause of the predominant noise signature. To achieve the full benefit of noise reduction by
tip speed reduction, it may be necessary to devote attention to detailed blade design, with
emphasis on boundary layer transition characteristics * and sensitivity to turbulent inflow
and gust fields.

*  See Addendum to Section V.
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SECTION V
CONCLUSIONS AND RECOMMENDATIONS

A combined theoretical and experimental study has been performed with the objective

of deriving a more basic understanding of the random noise generating mechanisms of
fropellers operating ot low tip speeds. This involved the application of rotating source
theory to the random force case, the experimental measurement of both source and
radiation parameters requ red for the application and verification of the theory and the
development of simplified procedures which may be used in tradeoff studies to minimize
propeller noise. The many findings of the study are listed below under various subheadings
and are foliowed by a number of recommendations for future research,

THEORETICAL ANALYSIS

a. Theoretical expressions describing the noise radiation by rotating random
sources have been programmed for computer solution: These aliow a complete
description of the spectral and directional characteristics of the random noise
field surrounding o propeller in terms of the random forces acting on the
blade.

b. The equations which describe random and harmonic radiation are very similar
and so therefore are their basic parametric dependencies. For example, all
source frequencies in the range f(1 - Msin 6 )< fo < f(1+ Msin @ ), where

M is the rotational Mach number and @ is the angle from the axis of rotation,
contribute to sound observed at the frequency f. Thus, rotation has no
acoustic e<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>